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ABSTRACT
An investigation has been made of the ionization produced in 
solids by the passage of fast heavy ions. Radiative emission probabil­
ities for thorium L and M shells have been obtained as a function of the 
projectile’s classical impact parameter. Both 2 MeV protons and 60 MeV 
oxygen ions were used. Radiative emission probabilities of both target 
and projectile K shells have also been obtained in near-symmetric 
collisions between 100 MeV copper ions and selenium, germanium, iron, 
and chromium atoms.
Multiple and slit edge scattering are of importance since they 
can contribute to the counts in the particle detector. A method of 
minimizing the latter is given. X-ray nomenclature and selection rules 
are discussed, followed by a discussion of the competing non-radiative 
process which may take place, and how they affect the calculation of 
the initial vacancy distribution. An outline is given of the binary 
encounter approximation (BEA) and semiclassical approximation (SCA) 
models which are used to obtain theoretical predictions of the results 
from the protons and oxygen ions on thorium experiments. Also discussed 
are the molecular orbital and statistical models, the former of which is 
used to obtain theoretical predictions for the near-symmetric collision 
experiments.
The experimental apparatus required to perform the necessary 
coincidence measurements between scattered projectiles and emitted x-rays 
is described, also the (computerized) data collection system. The method 
of aligning the collimators, the target and the particle detector is 
described.
The experimental method consists of bombarding the target (Th, Se, 
Ge, Fe or Cr) with a heavy-ion projectile (protons, oxygen or copper ions).
Vacancies are created in the electron shells of the target atom by means 
of its interaction with the projectile. The x-rays, created when these 
vacancies are filled from some higher shell or from the continuum,are 
detected in coincidence with the scattered projectile. The angle at 
which the projectile is scattered is related to the classical impact 
parameter.
SCA predictions agree well with the results obtained for proton 
and oxygen ions on thorium, with one main exception. This exception was 
for the M shell radiative emission probability where the results exhibited 
a sharp rise at small impact parameters which was not predicted by the 
SCA model.
A comparison of theoretical predictions and experimental results 
for the near-symmetric collisions leadsto a possible explanation for the 
variation observed in the K0/K ratios in terms of an increase in thep ct
number of L-shell vacancies at small impact parameters.
It is concluded that the SCA model adequately describes the mechan­
ism of atomic vacancy production by "bare” ions. However the data obtained 
for near-symmetric collisions are inconclusive in an attempt to invoke a 
molecular-orbital or statistical picture. Further studies with small angle 
particle scattering are proposed.
CHAPTER 1
INTRODUCTION
It is well known that when an energetic charged particle passes 
through matter it may cause the excitation of the inner-shell electrons 
of the target atom into excited states or to the continuum [Gar 73].
The subsequent decay of these vacancies can be detected by observation 
of the resultant x-rays or Auger electrons. The detailed mechanism which 
leads to the creation of inner-shell vacancies is not yet fully understood.
This mechanism is important, not only because several different 
theories have been proposed [Gar 73], but also as it needs to be included 
in computer modelling of energy losses in crystalline solids. Calculations 
of this kind require an explicit impact parameter dependence of the energy 
loss of the projectile as it traverses the solid [Gem 74 and references 
therein]. It was thought likely that the simultaneous study of the radia­
tive emission probabilities of the separate L shells and total M shell of 
thorium using proton projectiles, along with the capability of probing to 
very close encounters using oxygen ions, would enable a clearer picture of 
the overall vacancy production mechanism to be built up. (In this context 
the oxygen ions can be considered as fully stripped.)
The study of the K vacancies produced in collisions between copper 
ions and selenium, germanium, iron and chromium targets was carried out 
in order to better understand the mechanism by which vacancies are created 
in near-symmetric collisions. Furthermore the ratio of K to K intensities
p ot
may give an indication of the relative number of M and L vacancies.
Interest in this arose from apparent anomalies between M-shell data and 
theoretical predictions for proton and oxygen ion-induced vacancies, 
observed in earlier work [Hay 80].
2.
Vacancy production in atoms by fully stripped ions has been des­
cribed by the scmiclassical approximation (SCA) [Ban 59, Han 70] and 
binary encounter approximation (BEA) [Gry 59, Ger 66, McG 74] models.
Each model assumes that the projectile and target nuclei follow classical 
paths. The BEA then supposes a static, binary, collision between the 
projectile and the atomic electron governed by Coulomb forces. The 
presence of the target nucleus serves only to determine the path of the 
projectile and the motion of the electron with which the collision takes 
place. The SCA model assumes that the excitation of the target electron 
takes place due to Coulomb excitation of the initially bound electron.
For collisions between incompletely stripped ions and atoms it is 
necessary to consider the possible existence of transient united atom or 
molecular states created during the collision.
The molecular-orbital model (MO) [Fan 65, Lie 67, Bri 72] assumes 
the formation of molecular orbitals, and the creation of vacancies then 
occurring by an electron being "promoted" from a low to a higher level via 
a rotational coupling between the molecular orbitals. The statistical 
model (SM) [Mit 67, Bra 76] treats the creation of vacancies as arising 
from the diffusion in energy space of a vacancy from some unoccupied level 
through a number of interacting level crossings of the transient molecular 
orbitals to some inner shell of the united atom.
Chapter 2 discusses the above four theories, and the derivation of 
the relationship between the angle of scatter and classical impact 
parameter. X-ray nomenclature and selection rules governing the emission 
of x-rays nrc also discussed in this chapter, also the effect of non- 
radiative transitions.
A large number of experiments have studied K-shcll ionization, both 
in terms of the total x-ray production cross section and as a function of
3 .
the impact parameter [Mes 58, Kha 65, Lae 72, Coc 73, Bra 74]. Total 
x-ray production cross sections have also been experimentally determined 
for L and M shells [Kha 66, Bus 73, Dat 74]. However there are only a 
small number of reports of measurements of ionization probability as a 
function of impact parameter being made for the L shell and as yet no such 
differential measurements have been reported for the M shell.
K-vacancy production, in near-symmetric collisions, as a function 
of the impact parameter, has been investigated by a number of authors.
Both the SM and MO models have had some success in predicting the experi­
mental results [Bri 72, Tse 78]. In the near-symmetric collision experi­
ments described in this thesis, measurements have been made at smaller 
impact parameters where the molecular-orbital model predicts a sharp rise 
in the K-vacancy production probability [Tan 76]. Some of the results 
and conclusions of previous experiments are discussed in Chapter 3.
Several important requirements must be fulfilled when performing 
coincidence experiments of the type described above. In order to 
maximize the rate of collection of true coincidences it is desirable to 
have an x-ray detector with a solid angle which is as large as possible. 
Also the energy resolution of the detector must be good enough to resolve 
the individual L x-rays, since it was thought that the study of separate 
subshells would enable a clearer picture of the overall vacancy production 
mechanism to be dst abUsWed so b<2.e*\ possible.
Since the experiment involves the detection of particles which have 
been scattered through very small angles (down to .8 degrees) the target, 
collimators and particle detector must be accurately aligned. Chapter 4 
contains a description of the laser alignment system used and the x-ray 
detector which was designed and constructed. Also discussed is the data 
collection system,which was used to detect the x-ray and particle pulses
4.
and the resultant time to amplitude converter (TAC) pulse, and subsequently 
store these pulses on magnetic tape.
Chapter 5 discusses the methods used to analyse the data in order 
to extract the physical parameters desired.
The results of this analysis are presented in Chapter 6. They are 
compared with the predictions of the theoretical models and the agreement 
between theory and experiment is discussed and compared to the results 
obtained by previous experimenters. Several possible explanations for the 
sharp rise seen in the M x-ray radiative emission probability at small 
impact parameters are suggested and discussed. It is proposed that a 
model used to explain a similar variation seen for K x-rays [And 76] can 
be applied in this case.
Finally,in Chapter 7, conclusions are presented and the limitations 
of the present experiments are pointed out, one of the main limitations 
being that the near symmetric experiments were restricted by geometrical 
considerations to look at impact parameters which were too small. 
Suggestions are made for possible modifications to the experimental 
apparatus and further experiments are suggested.
5 .
CHAPTER 2
THEORY
2.1 INTRODUCTION
During the passage of fast charged particles through matter each 
particle undergoes a scries of collisions with the atomic electrons of the 
target. Most will be elastic but some will cause the projectile to lose 
energy. This interaction between the projectile and the target atomic 
electron may cause that electron to be ejected from the target atom.
The mechanism of inner shell ionization is yet to be fully understood 
although considerable progress has been made towards predicting K-shell vac­
ancy production probabilities (cf. section 3.5). Studying the vacancy product ion 
probability as a function of the impact parameter gives a good indication 
of the accuracy of the theoretical models. In particular extending the 
experiments to the separate L shells and the total M shell, where some 
theories differ, is extremely useful.
Multiple scattering within the target, and slit edge scattering from 
the collimators used, are of importance when studying the impact parameter 
dependence of the ionization probability. Particles scattered by either 
of these two processes contribute to the counts in the particle detector 
but do not arise from events of interest and thus contribute only to the 
random counts. These two effects are discussed in section 2.2.
When a vacancy is created in an inner shell an electron from a higher 
shell may fill that vacancy. The excess energy of that electron is then 
emitted as an x-ray. The nomenclature and selection rules governing this 
process are discussed in section 2.3. Rather than the vacancy decaying 
with the accompanying emission of radiation a redistribution of the vacancy
6 .
may ta k e  p l a c e  v i a  a C o s te r -K ro n ig  o r  Auger t r a n s i t i o n .  Thus not  a l l  
v a c a n c i e s  decay d i r e c t l y  v i a  r a d i a t i v e  t r a n s i t i o n s .  A measure o f  the  
p r o b a b i l i t y  of  an x - ra y  be ing  e m i t t ed  in  the  decay o f  a vacancy i s  g iven 
by t h e  f l u o r e s c e n c e  y i e l d .  These q u a n t i t i e s  t o g e t h e r  w i th  t h e  r a d i a t i v e  
em iss ion  r a t e s  ( d i s c u s s e d  in  s e c t i o n  2.4)  enab le  us to  c a l c u l a t e  the  
i n i t i a l  vacancy  d i s t r i b u t i o n .  How t h i s  i s  done i s  shown in s e c t i o n  2 .5 .
An exp e r im e n ta l  d e t e r m i n a t i o n  of  th e  r a d i a t i v e  em iss ion  p r o b a b i l i t y  
as a f u n c t i o n  o f  the  impact p a ra m e te r  r e q u i r e s  the  d e t e c t i o n  of  co in c id en c es  
between s c a t t e r e d  p a r t i c l e s  and e m i t t e d  x - r a y s .  Requirements which have to  
be s a t i s f i e d  in  o r d e r  t o  o p t im is e  th e  d a t a  c o l l e c t i o n  in  terms o f  t h e  
t r u e  to  random c o in c id e n c e  r a t i o  a re  d i s c u s s e d  in  s e c t i o n  2 .6 .
S e v e ra l  t h e o r e t i c a l  models have been used to p r e d i c t  i o n i z a t i o n  
p r o b a b i l i t i e s  and,  from t h i s ,  t o t a l  i o n i z a t i o n  c r o s s  s e c t i o n s .  These a re  
d i s c u s s e d  in  s e c t i o n  2 .7 .
F in a l  ly, s e c t i o n  2 . 8 a l s o d c a l s  with the  vacancy p r o d u c t io n  mechanism 
in  th e  n ea r - sym m etr i c  {Z^ ~ Z2) c o l l i s i o n s .
2.2 PARTICLE SCATTERING
When a p a r t i c l e  undergoes  R u the r fo rd  s c a t t e r i n g  th e  c ro s s  s e c t i o n  
( in  m b/sr )  f o r  s c a t t e r i n g  through an ang le  0 in  the  c e n t r e  o f  mass frame 
obeys the  fo l lo w in g  law
1.296
Z,Z1^2
cosec40 / 2 [ 2 . 1]
Here Zj and Z2 a r c  t h e  atomic  numbers o f  p r o j e c t i l e  and t a r g e t  r e s p e c t i v e l y  
and E;l i s  the  energy ( in  MeV) o f  the  p r o j e c t i l e .
F ig u re  2.1 shows the  p a th  o f  t h e  p r o j e c t i l e  under  th e  i n f l u e n c e  of
Z„c
a c e n t r a l  p o t e n t i a l  V = —| — where r  i s  the  d i s t a n c e  from th e  n u c leu s .
Joos  [Joo 44] showed t h a t ,  i n  the  c e n t r e  o f  mass frame,  the  ang le  o f
7.
Figure 2.1 Path of a projectile under the influence of a central potential.
deflection 0 can be related to the classical impact parameter p by the 
expression;
2 p tan 0/2 h V 2 [2 .2]
where Ii is the centre of mass energy. The projectile centre of mass 
velocity is given by,
m 2 /2E7 
mi+m2 / m^ [2.3]
Here m^ and m2 are the masses of the projectile and target respectively. 
Using the following expression
8.
tan 6 lab
v x sine
v +v , cose c 1
[2.4]
where is the centre of mass velocity of the system and 0 ^ ^  the angle of 
deflection in the lab frame, we can transform equation 2.2 to the 
laboratory frame.
We consider two different situations, Z \  «  Z2 and ~ Z2. In 
the former case the centre of mass velocity is almost zero and the following 
expression is obtained
ZiZ2e^
2 p tan 0, , / 2 = — r=---
1 lab Ei [2.5]
In the latter case, i.e. = M 2 the velocity of the centre of mass is 
equal to the centre of mass frame projectile velocity, V]_.
Thus we have that
tan 0, Ulab
sin9
1+COS0
However a well known identify [Abr 70] gives
[2.6]
si nip 
1 + COSlj; [2.7]
Thus we obtain
P tan 6lab
Z ^ Z2e ^
cf. this to the expression in [2.5].
2.2.1 Slit Edge Scattering
[2.8]
With small forward angles of scatter being studied in these
9.
experiments slit edge scattering becomes important. In these experiments
angular resolution is more important than energy resolution since the
parameters being studied vary more rapidly with angle than with energy of
the projectile. Resmini ct al. [Res 69] quotes an expression for the mean
square angle of multiple scattering, <0> , given by Courant [Cou 51] whoav
makes the following assumptions:
t
(i) a continuous energy loss in the slit,
(ii) a constant scattering cross section,
(iii) straight edge slits,
(iv) slits with a thickness equal to the stopping thickness.
n
Courant related <0>^v to x the range in the slit material corresponding 
to an energy loss AH and W defined by
IV
Z T T N p  s
El
(Zie)4
[An(181 .Z"^3)] 1
for which
[2.9]
< e > ‘ 4x_ 
W 2
[2.10]
Here Ag , Zg and pg are the atomic weight, atomic number and density of the 
slit material and Z^ and E^ are the energy and charge of the incident ion.
N is avogadros number. From an examination of these equations it can be
2seen that <G>~ is smaller for small Z . This led to the choice of carbon av s
for the beam colli mat.ion slits. Section 4.2 discusses the beam collimation 
further.
2.2.2 Multiple Scattering
Multiple scattering is also of critical importance when performing 
measurements with small angles of detection, as particles which are
10.
multiply scattered contribute only to the randoms. Calculations to 
determine the quantity 0^/e (the angle at which the number of multiply 
scattered particles fall to 1/e of the number scattered at 0°) using 
the expression of Marion et al. [Mar 67] shows that is < .2° for all
targets and < .15° for all except two targets.
2.3 X-RAY NOMENCLATURE AND SELECTION RULES
For a closed shell the state consisting of the absence of an 
electron (hole state) can be assigned single electron quantum numbers [Con 
51]. If a shell is not closed then the created vacancy can interact with 
the other holes present in an unfilled shell. This hole-hole interaction 
can cause problems in assigning single electron quantum numbers to the 
vacancy.
The nomenclature of the characteristic x-rays of the elements is 
discussed below; the naming is related to the quantum numbers n, Z and j, 
where n is the principal quantum number, £ the orbital angular momentum 
quantum number and j the total angular momentum quantum number. Shown in 
figure 2.2 are the atomic levels in uranium. At the right hand side of each 
level arc shown the quantum numbers n, 9, and j. On the left hand side is 
shown the name by which the level is commonly known. Thus a Ljj vacancy 
refers to the absence of an electron from the 2s^ subshell.
Shown also in figure 2.2 are the transitions which may take place 
between the various levels, and the nomenclature of the x-rays emitted in 
such a transition. For example a transition of the type Ljjj -> ,
referring to the transferral of a vacancy, gives rise to a x-ray. The 
selection rules governing the allowed transitions are:
A£ = ±1
and Aj -1, 0, + 1. [2 .11]
11 .
I 0 i
K ^  ^
*. If 2
0 1
0
1
1 ;
2 i 
2 1
I i i
Figure 2.2 Atomic energy levels of U, showing the quantum numbers assigned 
to each level. Each transition shown is labelled with the name of the x-ray 
emitted as a result of the transition. Reproduced from [Dys 73].
1 2 .
These arc the electric dipole selection rules. Transitions for 
which A £ = ±2 (electric quadrupole transitions) are occasionally observed 
but these are of a much reduced intensity. Magnetic dipole transitions 
do not obey parity change rules and are therefore very weak.
2.4 NON-RADIATIVE TRANSITIONS
Prior to the decay of a subshell vacancy, with the accompanying 
emission of a photon, the vacancy may decay via a radiationless transition. 
There are two forms which these radiationless transitions may take. The 
first of these is the Auger transition. In an Auger transition a vacancy 
in some shell is filled by an electron from some higher shell, however 
instead of the excess energy of that electron being carried away by a 
photon it is absorbed by another electron causing the ejection of that 
electron. The ejected electron is known as the Auger electron. The second 
type of transition is a Coster-Kronig transition. In this type of transition 
vacancies are transferred within the same shell. Energy, Eava^ ,  becomes 
available as a result of such a transition and normally results in the 
ejection of an outer shell electron such that [Bur 52]
F > EJavail B [2 .12]
where E^ is the binding energy of the ejected electron. The energetically 
allowed Coster-kronig transitions for the L shell in thorium arc
I + Ln  N i v  ,
—V Lt t nI III IV
I LI11 MV ’
II III Vand [2.13]
13.
As discussed previously L refers to a vacancy transferring
to a Ljj vacancy accompanied by the ejection of an electron. We 
define the Coster-Kronig transition probability f^j as the probability 
of a transition of type
X. -> X. Y (i < j)l j n
The fluorescence yield, w , takes into account the fact that the 
de-excitation of atoms can occur not only by the emission of electro­
magnetic radiation but also by the radiationless processes discussed above. 
The fluorescence yield of an atomic shell or subshell is defined as the 
probability that a vacancy in that shell or subshell is filled through a 
radiative transition. Thus for a sample of many atoms the fluorescence 
yield of a shell is equal to the number of photons emitted, I , divided 
by the number of primary vacancies, n^. The application of this definition 
to the K shell is simple, the K-shell fluorescence yield is given by
[2.14]
Fluorescence yields for the higher shells are more complicated for two 
reasons. First the shells above the K shell consist of more than one sub­
shell. The average fluorescence yield thus depends in general on how the 
shells are ionized, since different ionization methods give rise to 
different' distributions of primary vacancies (cf. section 2.6). Secondly 
Coster-Kronig transitions make it possible for a primary vacancy to be moved 
from one subshell to another prior to the filling of that vacancy. This 
problem is discussed further in the next section.
The radiative decay rates for K and L shells have been calculated by 
Scofield [Sco 69]. In his calculation the electrons are treated as moving
independently with their mutual interaction accounted for by a central 
potential. The potential used is one given by Hartree-Slater theory. 
Slater's correction term for the effect of exchange
14 .
Vs = -1.5 [2.15]
where p£ is the electron density, is added to the potential due to the
electron and nuclear charges. A further modification used is the setting
-e2of the potential equal to —  in the outer region where it would otherwise 
rise above this. Figure 2.3 shows the calculated x-ray emission rates for 
the thorium L x-rays. The calculations assume that each subshcll is equally 
populated. The line drawn to indicate the emission rate of a particular 
x-ray is drawn dotted, dashed or solid to indicate whether the vacancy filled 
in giving rise to the x-ray was a 2 p ^ , 2p^ or 2sy vacancy respectively.
2.5 CALCULATION OF’ INITIAL VACANCY DISTRIBUTIONS
The number of x-rays seen in the filling of the L. subshcll can be 
calculated from the initial vacancy distribution with the aid of the known 
Coster-Kronig transition probabilities and fluorescence yields as well as 
the calculated transition rates. Throughout this section the notation 
used is that of Bambynck [Bam 72]. Initial vacancies (i.e. created by the 
projectiles) may be created in the K, L or M shells. We denote by n^, n^. 
and n (i = 1, 2, 3 and j = 1, 2, 3, 4, 5) the number of initial K, L. andj 1
Mj vacancies created respectively. Consider, for example, the L shell then 
the final number of vacancies, V^,in the i'th L subshell is given by
nL. + nK nKL. + A  nK nKL 
i i J < i
f . . + I n 
; J1 A;C J1fLj < i j
[2.16]
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where n^ i s  th e  number o f  s u b s h e l l  vac a n c ie s  c r e a t e d  d i r e c t l y  in  the  
i
f i l l i n g  o f  a K - s h e l l  vacancy averaged  o ve r  t h e  p o s s i b l e  modes. The t h i r d  
term i n  e q u a t io n  2.16 g ives  the  c o n t r i b u t i o n  to  the  s u b s h e l l  v a c a n c ie s  
from th e  secondary  p rocess  o f  f eed ing  Lj v a c a n c ie s  from th e  K s h e l l  fo l lowed 
by a C o s te r -K ro n ig  t r a n s i t i o n  o f  the  Lj vacancy  to a vacancy.  The l a s t  
term in  2.16 r e f e r s  to  the  C o s te r -K ro n ig  feed ing  o f  va c a n c ie s  from a lower 
to  a h ig h e r  L s u b s h e l l .
For our c a l c u l a t i o n s  th e  f e e d in g  o f  va c a n c ie s  from t h e  K to  th e  L 
s h e l l  i s  n e g l e c t e d  ( s in c e  t h e  K -she l l  i o n i z a t i o n  c ro s s  s e c t i o n  i s  f a r  below 
the  L - s h e l l  c ro s s  s e c t i o n ) .  Thus one o b t a in s  from e q u a t io n  2.16
n L3 + n L1 ( f 1 2 f 13 + f 13^ + n Lz f 23 ’
n L2 + f  12 n L 1 '
and V = n
Li
12.17]
C o s te r -K ro n ig  t r a n s i t i o n s  may a l s o  lead to the  l o s s  o f  v a c a n c ie s  from 
a s u b s h e l l .  Auger t r a n s i t i o n s  may a l s o  t a k e  p la c e  le ad ing  t o  a f u r t h e r  lo s s  
o f  v a c a n c i e s .  The f l u o r e s c e n c e  y i e l d  oo obeys the  fo l l o w in g  r e l a t i o n s h i p :
x xa). + a. +
l  l
k
■j  = i  + l
1. [2.18]
X \Here t h e  or and f .  T r e f e r  to  the  i ’ th  s u b s h e l l  o f  t h e  X s h e l l ,  s i m i l a r l y
a"j i s  the  Auger t r a n s i t i o n  p r o b a b i l i t y .  We sec  t h a t  t a k e s  i n t o  account
the  l o s s  o f  va c a n c ie s  from a s u b s h e l l  by Auger and C os te r -K ron ig  t r a n s -
i t i o n s .  Thus f o r  Nj , the  number of  x - r a y s  r e s u l t i n g  from t h e  f i l l i n g  o f
i
the  L. s u b s h c l l ,  we havel
[2.19]
17.
Of course La, Lß, etc. x-rays not L^ , L2 or L3 x-rays arc detected. This 
can be taken into account by multiplying by the ratio of the radiative 
rates. Thus, for example
r V /rL 3(2p3 ^
[2.20]
where T (2p3/ ) is the total radiative width for the L. subshell andL y y2 3
rCL ) is the radiative width for L0 vacancies decaying with the emissionOt ^ o
of L radiation. 
al
In the case of M x-rays it was not possible to resolve radiation
arising from individual subshells, so it was only possible to say that an
M x-ray had been detected. It is possible to derive a simple expression
relating the total number of M x-rays seen to the total number of M-shcll
vacancies. Define NT to be the number of x-rays seen in the filling of
i
J-| 0  7^ ’ i L  «"» 1-% /n 1 1 rI' 1-% r
i
and
subshell Then one obtains:
M xN =M
M
> [2-.21]
1 1
N X =
m 2 [,Vi2 +
r I M
f 12 W 2 * [2., 22]
2Z
X
CO
II
lnM 3 + (f 12f 23 + f 13^nM 1
, 1 M
+ f 2 3nM zJ w 3 ’ [2-,23]
N X =
M 4 [nM 4 + Cf14 + f 12f 24 + f 13f 34 + f 12f23f 34)
+ (f24 + f 23f 34)nM 2 + f 34
1 M
nM 3] W 4 5 [2,•24]
cn
II +
m 5 (f 15 + f 12f 25 + f I3f 35 + f 14f45 + f 12f 23f 35
+ f i 2 f 2 4 f 45 + f 12 f 2 3 f 3 4 f 45 + f 1 3f 3 4 f 4 5 ^ ^ x 
+ ( f 2 3 f 35 + f 2 4 f 4 5  + f 2 4 f 4 5  + f 2 3 f 3 4 f 4 5  + f 2 5 ^ Y i ,
+ (f34f45 + f 35)nM  ^+ f45 w 5 [2.25]
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I f  we now add t o g e t h e r  the  N" , t o  o b t a in  N , grouping the  terms
l  MTOT
as below;
TOT
r M M r M r o > M r _ r r
nMx W1 + W2 f 12 + + f 13') + X X  + X X
+ X f34 + XXX^ + X X  + X X  + X X  + X X
+ f 1 2 f 2 3 f 35 + f 1 2 f 2 4 f 45 + f l 3 f 3 4 f 45 + X X X X )] 
+ + W3 f23 + ^XX + 2^3^34^  + ‘XX'X
+ X X  + X X X  + X^
r M M_ M,  _ r  -  . ,  r M r  M,+ 11. |o) + O) f  + 0 ) ( f  f  + f  ) 1 + i\. 0) + f  m l
Mo 3 4 34 5 34 45  35 M, 4 45 5 J3 4
+ nM5 K ) [2.26]
However t h i s  i s  e q u i v a l e n t  to Bambynek's [Bam 72] e q u a t io n  1.17
TOT
M M M M M
T\  v l + nM2 v 2 + nM3 v 3 + \  v 4 + nMs v 5 [2.27]
where r e p r e s e n t s  the  t o t a l  number o f  X s h e l l  x - r ay s  t h a t  r e s u l t  from the  
f i l l i n g  o f  a pr im ary vacancy in  th e  s u b s h e l l .
Equat ion 2.27 can be r e w r i t t e n  as
TOT TOT
M M M M M
V 1 V 2 V 3 X V4 X Vs
+ — ----------------  + — ---------------  + ------------------------ +
N NTOT TOT ntot ntot ntot
ntot wm [2.28]
This i s  from the  d e f i n i t i o n  o f  average  f l u o r e s c e n c e  y i e l d  [Bam 72 eqn. 1 .1 2 ] .
2.0 TRUE TO RANDOM RATIO
I t  i s  ob v io u s ly  d e s i r a b l e  in  a c o in c id en c e  exper iment to have a t r u e
19 .-
to random ratio which is sufficiently large so as to enable the peak 
position to be determined with ease. It was my aim in the experiments 
described within this thesis to obtain a true to random ratio, in a time 
delay spectrum, of 1:2.
True coincidences, T, occur at a rate given by
[2.29]
where is the proton detection rate, P is the ionization probability 
related to the total ionization cross section by the relation
a [2P* Pp dp [2.29(a)]
is the x-ray detector solid angle, n is the x-ray detection efficiencyX X
and is the fluorescence yield. The rate of random coincidences, R, is 
given by
[2.30]
Here is the x-ray detection rate and t is the resolving time of the 
coincidence electronics. Thus the true to random ratio is given by
T
R PP 4tt Nx t
[2.31]
Thus to maximize the true to random ratio the experiments should be performed 
with small beam currents and thin targets (to minimize N ), and a short 
resolving time for the coincidence electronics.
If the number of real coincidences as determined by the analysis 
is N^i , then the relative statistical error on f' is given approximately
by [And 76]
20.
AN? ,
Here and are the number of trues and randoms respectively. For a 
fixed time of data accumulation, the second term on the right-hand side of 
equation 2.32 will be independent of count rate. The first term, however, 
is inversely proportional to the count rate. Thus the statistical error 
decreases with increasing count rate, albeit slowly at high rates. The 
desire for rapid collection of statistical significance must be tempered by 
the need for a high truc-to-random ratio to avoid systematic errors. It was 
thought that a ratio down to 1:2 was as low as possible while still prevent­
ing systematic errors.
2.7 T1 1E0RETICAL MODULS FOR IONIZATION
The plane wave Born approximation (PWBA) has been used to predict 
total ionization cross sections. More recently the ionization probability 
as a function of the scattering angle has been measured (cf. chapter 3).
The PWBA integrates over the impact parameter dependence, which was obtained 
from the scmiclassical approximation (SCA) and binary encounter approximation 
(BEA) models. The PWBA, BEA and SCA models are discussed in sections 2.7.1 
to 2.7.3 respectively.
The BEA and SCA are applicable mainly in the very asymmetric case 
(Zj << Z'i) . As Z\ increases these models can still be applied by introducing 
corrections for the change in binding energy of the target electron due to 
the presence of the projectile. However for Z\ ~ Z2 both ions contain 
bound electrons of velocities comparable to projectile velocities. Then the 
SCA fails and molecular orbital and statistical models need to be used in 
predicting results. These models are discussed in sections 2.8.1 and 2.8.2 
respectively.
1 'Z
(nt ) 2'
[2.32]
2.7.1 The Plane Wave B o m  Approximation
Following first order perturbation theory, the cross section for 
the excitation process to take place is taken to be proportional to the 
absolute value of the square of the interaction potential matrix element 
between the incident particle and the atomic electron. To make the Born 
approximation, that the total wave function of the projectile is unaffected 
by the electron being removed from its orbit, the following conditions 
must apply:
and
V i '
-hv < <
-7-72 2Z Z a me*1 
1 2 < <
[2.33]
[2.34]
Here v is the projectile velocity, a is the fine structure constant and m 
is the mass of the electron. The differential excitation cross section in 
the centre of mass system is given by
da iq • r e ^ (r) [2.35]
where and are the final and initial wave functions respectively and 
—  i ci • rq is the vector change of momentum. If e 1 is expanded in spherical 
harmonics the integral in 2.35 can be evaluated and one obtains the 
following expression for the differential cross section,
do
dT
21U ttZ^ e4 i^ (nE')3 
5(Eß + T),ü [2.36]
for the ejection of an electron per energy interval dT from the n 1th shell. 
Where T is the energy of the electron and T is the maximum possible energy
22 .
transfer to the electron, Eg is the binding energy of the electron and 
Eg the unscreened binding energy defined by
Integrating equation 2.36 over all possible energies of the ejected electron 
gives the total ionization cross section.
2.7.2 The Binary Encounter Approximation Model
In the BEA the dominant interaction is regarded as being the Coulomb 
interaction between the projectile and the atomic electron. The electron 
has a velocity distribution determined by the target atom but is considered 
as "free". Innershell vacancies in the target are created via the direct 
exchange of energy, AE, from the projectile to the electron in two-body 
collisions.
Gryzinski [Gry 59] reported on the determination of the cross 
section for ionization as a function of the binding energy and momentum 
distribution of the atomic electron. Exact expressions for the cross 
section for energy transfer in electron-electron collisions were obtained 
in a simpler form by Stabler [Sta 64]. Gerjuoy [Ger 66] derived the cross 
section for energy transfer, a^g, in the unequal mass case. Vriens [Vri 67] 
reported on similar expressions for the differential and total cross section 
using the momentum transfer as a variable.
Attempts were made to use Gryzinski's classical procedure in estimat­
ing charge transfer cross sections for protons incident on noble gases and 
alkali atoms [Gar 68]. These were not as successful as the predictions for 
inner shell ionization by proton impact [Gar 70], where agreement with the ex­
perimental total ionization cross section was good; at least for E^/Eg^ 300, 
where Eg is the binding energy of the electron and is the laboratory 
energy of the incident particle.
23.
The impact parameter formalism of the BEA was developed by McGuire 
[McG 74], The starting point for the calculations is the cross section for 
energy transfer AE in a collision between an incident projectile with 
velocity v^  and "free" electron with velocity v . To obtain cross sections 
for isotropically distributed atomic electrons one integrates over all 
directions of v^  and v a n d  over all energy transfers. This can be done 
in a closed form;
1 — — I V1 ~V odAE dv dv -r^-=- (v, ,v ,AE) — ----1 2 dAE v 1* 2’ } 4ttvi
Z^ttc
3v2v 1 2
Z jHe 
3v Jv2
Z TTe4
7~2
3V1V2
2v2 - (6v2/me)
for 0 < AE < b
(v1/M1)-(v2/me) (v’3-v^)-(vj3+v3)
-------------------------------------  -f — ----------------------------------------
AE (AE)2
3 x for b < AE < a
2v i 3
(AE) J for AE > a and m v > CM t-m )v, e 2 1 g 1
for AE > a and m v < (M -m )v e 2 1 g j i [2.38]
M and m^ are the masses of the projectile and electron respectively and
4M m
a = ---- —  [E -E +^v v (M -m )]... .2 1 2 ^ 1 2 ^ 1  C J 1(M +m ) ^ 1 eJ
[2.39]
4M m l e
(M +m ) v 1 eJ
- [E -E - %v v (M -m ) ]2 L i 2 1 2  1 G [2.40]
v = (v2-2AE/M )"2 v = (vz+2AE/m )2 2 2 e [2.41]
72M v21 1 E = 72m v2 c 2and [2.42]
24 .
The cross section for removing a single atomic electron with binding 
2
energy E^ = %nvu is then found by averaging over the distribution of 
velocities of the electron,
a I
/■ o o
2o(v1v2)dv2 4ttv2 p(v2,v(J) ,
0
[2.43]
where o(v][v2) is given by equation 2.38. Now attempt to express the total 
cross section as
a I
r R
2ttp Pp dp
0^
[2.44]
where R is the range of the interaction and P is the ionization probability 
for an impact parameter p. First one obtains an expression relating v2 and 
v , from the conservation energy:
[2.45]
where r is the radius of the electron orbit. Assuming that PCv?'(r)) is 
isotropic in v^ at each r then we can rewrite equation 2.43 as
dAE dr 4TTr2p(r) vr v24 nr, dvidv2 [2.46]
Since the electron distribution is isotropic there are only two directions 
defined by this problem v1 and v0 . The integration over v 1 can only depend 
on v^ and v 2 and not v2 . Furthennore since v2 is independent of r we can 
use ec(iiation 2.38 for a (v 1,v2 (r));
47ir2 p (r) o(Vj ,v2 (r)) dr , [2.47]
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and since the integrand is isotropic in r
P(r) a (Vl,v2 (r)) d3r
fR f (R2-p2)'2
27rpdp
-(R2-p2)%
P((p2-s2p) a(vr v2((p2-s2)^) ds [2.48]
where s, p and r form a right angle triangle with r as the hypotenuse. We
can now identify P by
(R2-P2A
-(R2-p2A
p((p2 + s2)'2) ofVj ,v2 ((p2 + s2)'ä) -ds [2.49]
Pp is the ionization probability per electron in the shell.
Tables for BEA predictions have been published by McGuire et al.
[McG 74(a)]. Figure 2.4 shows the BEA predictions [Tre 78] for the ioniz­
ation probability as a function of the impact parameter for the L and M 
subshells of Th when bombarded by 2 McV protons. It can easily be seen that 
the ionization probability for the individual subshclls displays the same 
structure as do the electron wave functions [Jam 57] used in calculating 
the density distribution of the atomic electron. The above statement 
reflects that the BEA is "classical" in that it assigns a definite position 
and momentum to the atomic electron (equation 2.45) in violation of the 
Heisenberg uncertainty principle [Mey 77]. Thus though the BEA provides an 
explicit impact parameter dependence it seems more realistic to use a semi- 
classical Coulomb excitation mechanism [Ban 59].
2,7.5 The Scmiclassical Coulomb Approximation
The SCA treats the ionization as being caused by the interaction 
between the projectile and the electron wave function as a whole. The SCA
2 6 .
I M P A C T  P A R A M E T E R  M O  m
Figure  2.4  BFA p r e d i c t i o n s  f o r  (a) the  L-and  (b) t h e  M-subshc l l  i o n i z a t i o n  
p r o b a b i l i t i e s  as a f u n c t i o n  o f  impact  pa r ame t e r  f o r  2 MeV p ro t ons  on Th .
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model was proposed [Ban 59] when Henneberg’s [Hen 33] PWBA calculations, 
for K-shell ionization cross sections, showed considerable difference from 
the experiments. It was thought that the use,by Henneberg,of non- 
relativistic Coulomb wave functions for the electron may have led to the 
discrepancy observed. However similar calculations by Jamnik et al. [Jam 
57] using relativistic wave functions did not eliminate the discrepancy 
between theory and experiment. It was proposed by Bang and Hansteen [Ban 
59] that this difference could be explained in part by taking the Coulomb 
repulsion of the projectile into account. The region of energy where this 
factor achieves importance is given by
2ZlZ2e2
Tfv 1 > > 1 .. [2.50]
The theory is based upon a time-dependent perturbation treatment using the 
impact parameter form. The projectile follows a classical Coulomb orbit. 
The differential cross section for the ionization of a target atom by the 
ejection of an electron with energy is given by the general expression:
'oo
do 2 it
w2 pdp'o
'oo
eiu)t<£ j V (r} t) I i>dt [2.51]
AEwhere co = —  and V(r,t) is the interaction potential between the initial 
and final states i and f respectively. Consider the case where Coulomb 
repulsion of the projectile is disregarded (this is the straight-line approx­
imation). The cross section obtained in this case is exactly the same as 
that obtained using the PWBA. It is for this reason that the PWBA is often 
referred to as the high energy SCA. Suppose that the projectile is moving 
in the x-z plane and the zero of the coordinate system is at the nucleus 
then equation 2.51 can be rewritten as
2 8 .
2 TT
00
pdp
0
2Z M h 
1 l e 4
E x T i2
|MU,m) | 2 [2.52]
where M ( ä, ,m) d i  i[n e ' ^ 0 Z M < l n » s ) [2 .53]
Here KQ i s  t h e  m odi f ied  Bessel  f u n c t i o n  o f  th e  t h i r d  k ind  and z e ro th  o rd e r ,  
qQ i s  th e  minimum momentum t r a n s f e r ,  q Q = oo/vj, and
s 2 = ( x - p ) 2 + y 2 . [2.54]
A f t e r  f a i r l y  l e n g th y  c a l c u l a t i o n s  i t  i s  p o s s i b l e  to reduce  th e  i n t e g r a l  in  
e q u a t io n  2 .53  to  a sum of  i n t e g r a l s  over one v a r i a b l e .  Bang e t  a l . [Ban 59] 
d e r iv e  t h i s  r e s u l t  f o r  the  K s h e l l .  The r e s u l t s  o f  ex tend ing  th e  c a l c u l a t i o n s  
to  L and M s h e l l s  a re  g iven  by Hansteen e t  a l .  [Han 70] .  The formal 
development e n a b l in g  t h i s  e x t e n s i o n  t o  t h e  L and M s h e l l s  has been r e p o r t e d  
by Kocbach [Koc 76].
Bates et. a l . [Bat 72, Bat 74] d e r iv e d  a method to t r e a t  th e  phenomena 
in  th e  impact  p a r am e te r  framework.  This  was shown by Kocbach [Koc 74] t o  be 
e q u i v a l e n t  t o  th e  SCA model o f  Bang and Hansteen  [Ban 59] .
I t  was found by Chemin e t  a l .  [Che 75] t h a t  th e  i o n i z a t i o n  p ro b a b ­
i l i t y  i n c r e a s e d  d r a m a t i c a l l y  f o r  l a r g e  ang les  o f  s c a t t e r i n g  (c f .  s e c t i o n  3 . 3 ) .  
Andersen e t  a l . [And 76] proposed  a model which p r e d i c t e d  a v a r i a t i o n  in  the  
i o n i z a t i o n  p r o b a b i l i t y  with  s c a t t e r i n g  ang le  due t o  i n t e r f e r e n c e  between the  
ingoing  and ou tgoing  p a r t s  of  the  p a r t i c l e  t r a j e c t o r y .  In t h a t  model the  
h y p e rb o l i c  t r a j e c t o r y  o f  the  p a r t i c l e  i s  r e p l a c e d  by two s t r a i g h t - l i n e  p a t h s  
as shown in  F igure  2 .5 .  To make t h i s  approx im at ion  t h e  fo l low ing  c o n d i t i o n  
a p p l i e s :
Z Z e 
1 2
F 'ftv
2
1
< 1 [2.55]
F i r s t  o rd e r  t im e-dependen t  p e r t u r b a t i o n  th e o ry  in  th e  SCA p r o v id e s  an
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Figure  2.5 I l l u s t r a t i o n  of  the  approx im at ion  o f  the  exac t  h y p e rb o l i c  
t r a j  e c to ry  by two s t r a i g h t  l i n e s .
e x p r e s s io n  f o r  the  p r o b a b i l i t y  o f  K - sh e l l  i o n i z a t i o n  induced  by a 
p r o j e c t i l e  fo l lo w in g  a c l a s s i c a l  pa th  R ( t ) ,
dPp ( 0
i  dof
2 I  | 2
£ }m
[2.56]
M i s  the  am pli tude  f o r  the  t r a n s i t i o n  of  one K e l e c t r o n  to  a f i n a l  s t a t e  
c h a r a c t e r i z e d  by energy and angular-momentum quantum numbers i  and m.
For t h e  "sudden change" t r a j e c t o r y  shown in  f i g u r e  2.5 the  problem can be 
d iv i d e d  i n t o  two p a r t s ;  one p a r t  p r i o r  t o  t h e  c o l l i s i o n  and one a f t e r  the  
c o l l i s i o n .  The am pli tude  M i s  a l s o  d iv i d e d  i n t o  two co r re s p o n d in g  components
30 .
M(Ef, £,m) = M (Ef,£,m) + M+ (Ef, i,m) [2.57]
It was shown by Andersen ct al. [And 76] that for each state of final 
orbital motion (&,m) of the final particle (electron) there are monopole 
and multipole terms in the expression for M(E^.,£,m) with interference 
between the terms only when m = 0 (equation 16 of [And 76]). Only the 
lowest values of i contribute significantly to the ionization and only the 
two terms with £ = 0 and £ = 1 need to be considered. Interference between 
the monopole and dipole term gives rise to an angular dependence
Section 3.4 discusses the agreement between the SCA theory and 
previous experiments. Figure 2.6 shows the ionization probability as a 
function of the impact parameter for 2 MeV protons on Th, for the L and M 
subshells,as predicted by the SCA [Han 75]. As can be seen there is not 
the large amount of structure which was evident for the BEA predictions. 
Predictions for projectiles with Zj > 1 can be calculated using the scaling 
relationship
The results of such calculations for 60 MeV oxygen on Th can be seen in 
Chapter 6.
The effect of projectile deflection in the h-shell experiments was 
taken into account by use of the substitutions [Amu 78]:
P (0) = A (1 + BcosB) [2.58]
P + P d + /d2 + P2 [2.60]
and %V j d  + p/p') , [2.61]
3 1 .
1 2  3 U 5 6 7
I M P A C T  P A R  A M E  T E  R ( * 1 0  " m  )
Figu re  2.6 SCA p r e d i c t i o n s  f o r  (a)  the  L- and (b) t h e  M-subshel l  i o n i z a t i o n  
p r o b a b i l i t i e s  as a f u n c t i o n  of  impact p a ram e te r ,  f o r  2 MeV pro tons  on Th .
Mi p r e d i c t i o n s  a r e  not  shown s in c e  the  c o r r e c t i o n  f a c t o r  i s  zero in  t h i s  case 
[lian 75] .
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o
where d = Z^Z2 e /2EJ . Binding energy correction factors were 
calculated for the L shell using the expressions given in [Bra 74]. 
Corrections were very small (< .25%).
As Zj increases the above mentioned effect becomes more important.
As Z1 approaches then different theories must be used to predict the 
ionization probability.
2.8 SYMMETRIC COLLISION IONIZATION MODELS 
2.8.1 The Molecular-Orbital Model
The creation of K vacancies in symmetric (or near-symmetric) 
collisions has been explained as occurring due to electron promotion via 
a coupling between the molecular orbitals of the quasi molecule formed 
during the collision [Fan 65, Lie 67]. The coupling arises because the 
internuclear line, which is the axis of quantization of angular momentum, 
is rotating during the collision so that angular momentum states referred 
to this axis are not eigenstates of the rotation operator [Bri 72]. Thus 
the trajectory of the particle assumes some importance in this type of 
collision.
Molecular orbitals are labelled with the principal and orbital angular 
momentum quantum number (n and £) and by the projection of the orbital 
angular momentum on the internuclear axis, m^, denoted by o, tt, 6, etc.
Briggs ct al. [Bri 72] extended the "one-electron" model of Fano and 
Lichten [Fan 65] to the calculation of cross sections for K-shcll vacancy 
production, for the homo-nuclear case. They derived statistical factors 
which govern the probability of transfer of an electron from a 2po to a 
2ptt orbital. Furthermore they investigated the conditions under which 
excitation cross sections in ion-atom collisions can be scaled from one 
element to another. Taulbjerg ct al. [Tau 76] extended this scaling law
to  in c lu d e  h e t e r o n u c l e a r  c o l l i s i o n s .
F igure  2 .7  shows a q u a n t i t a t i v e  MO energy l e v e l  diagram f o r  the 
Cu-Fe system. For such systems the  most im p o r ta n t  mechanism by which 
K -sh e l l  e l e c t r o n s  may be e x c i t e d  i s  the  t r a n s f e r  o f  an e l e c t r o n  from a 2po 
o r b i t a l  i n t o  an empty 2pTT o r b i t a l .  This  p ro c e s s  i s  shown on f i g u r e  2 .7  as 
p rocess  A. When t h e  p a r t i c l e s  a r e  c l o s e  t o g e t h e r  t h e s e  two m o lecu la r  
o r b i t a l s  come c l o s e  in  energy and a rc  s t r o n g l y  coupled  by the  r o t a t i o n a l  
motion of  t h e  i n t e r n u c l e a r  v e c t o r  R. The e f f e c t  o f  coup l ing  t o  the  2sc MO 
i s  very  small  s i n c e  t h i s  would imply t h a t  i n i t i a l  and f i n a l  v a lu e s  f o r  
( n - £ - l )  were d i f f e r e n t  and t h e  coupl ing  t o  t h e  Iso  i s  con f ine d  to  the 
2po - l so  s h a r in g  p r o c e s s ,  shown as p ro c e s s  B on f i g u r e  2 .7 ,  which may be
1 s  Fe
-1s  Cu
I N T E R N U C L E A R  S E P A R A T I O N  ( R )
Figure  2.7 Schematic c o r r e l a t i o n  diagram f o r  Cu-Fc system.
c o n s id e re d  to  be independen t  o f  the  2pg-2pTT c o u p l in g .  T h e re fo re  th e  t o t a l  
K - e x c i t a t i o n  p r o b a b i l i t y  i s  a d e q u a te l y  d e s c r ib e d  i n  th e  2po-2piT t w o - s t a t e  
approx im at ion  where the coupled f i r s t  o rd e r  d i f f e r e n t i a l  e q u a t io n s  a re  
g iven  by T a u lb je rg  e t  a l . [Tau 76] to  be:
II
rH
y 3 r vb 
2 R2 f ( R )
0 X r—
\ H- AE(R’ ) / t f  d t )
dC r  vb 
1 R2
f t2
d t f ( R ) exp (+i AE(R') /t f  d t)  , [2.62]
where C1 and a r e  the  am p l i tudes  o f  th e  2pa and 2p tt components o f  the  
t o t a l  wave f u n c t i o n  a t  t ime t .  The phase  f a c t o r  i s  de termined  by the  
energy  d i f f e r e n c e ,  AE, between th e  two s t a t e s ,  f(R) i s  th e  r o t a t i o n a l  
coup l ing  m a t r i x  e lem en t ,  g iven  by Bates e t  a l .  [Bat 6 4 ] ,  v i s  th e  impact  
v e l o c i t y  and b i s  the  impact pa ram e te r .
Vacancies  i n  t h e  2p s h e l l  can be formed p r i o r  to  th e  c o l l i s i o n  
dur ing  t h e  pas sage  o f  th e  ion  through th e  t a r g e t .  I t  was fo r  t h i s  reason  
t h a t  the  t a r g e t s  were o r i e n t e d  so t h a t  th e  p r o j e c t i l e  had to  pass  through the  
carbon f i r s t .  The p r o j e c t i l e s  then a l l  had approx im ate ly  the  same charge  d i s t r i b u ­
t i o n  be fo re  the  c o l l i s i o n  s in c e  a, SS'f. o f  the  ions  have reached  charge  e q u i l ­
ibrium a f t e r  p a s s in g  through a carbon th i c k n e s s  o f  'WO yg cm“ ?- and the carbon t h i c k ­
nesses  used  the  p r e s e n t  exper im en ts  were a l l  g r e a t e r  th an  t h i s .  Given the  
p re sence  o f  a 2p vacancy p r i o r  to  the  c o l l i s i o n ,  the  e q u a t io n s  may be i n t e ­
g r a t e d  along the  i n t e m u c l e a r  t r a j e c t o r y  s u b j e c t  to  the  fo l low ing  boundary 
c o n d i t i o n s ,
Cx ( - 00) = 1 and C2 (-co) = 0 . [2.63]
The p r o b a b i l i t y  t h a t  a K e l e c t r o n  has been e x c i t e d  dur ing  th e  c o l l i s i o n
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i s  then  g iven  by,
P ( b ,v )  = |C2( ~ ) | 2 [2.64]
S in ce  s t r o n g  r o t a t i o n a l  coup l ing  ta k es  p l a c e  a t  d i s t a n c e s  l e s s  than  th e  
K - sh c l l  r a d i i ,  AE(R) and f(R) may be r e p r e s e n t e d  by t h e i r  l e ad in g  terms AEQ 
and f Q, i n  t h e i r  r e s p e c t i v e  expans ions  i n  powers o f  R [Tau 76]
AE-(R) = a R2
and f 0 (R) = 1 . [2.65]
Here a depends upon th e  u n i t e d  atom r a d i a l  wave f u n c t i o n  R2 ( r )  and i s
P
g iven  by
“ = 4*5 z i W V 2 e 2 / a o * [2 .6 b ]
where i s  th e  Bohr r a d i u s .  I f  one assumes a s t r a i g h t - l i n e  i n t c r n u c l e a r  
t r a j e c t o r y
R = [b2 + ( v t ) 2 ]^ = b / s in 0  , [2 .67]
where 9 i s  th e  ang le  between the  i n t e r n u c l e a r  a x i s  and the  impact d i r e c t i o n .  
Expres s ing  the  ang le  0 as th e  independen t  v a r i a b l e  and wi th  th e  a i d  o f  the  
r e l a t i o n  dO/dt = bv/R2 one o b t a i n s  [Tau 76]
and
d c l C2 exp - i a b 3
re 'i
de '
dO T*iv s i n If0 'j
d c 2
-C1 exp i a b 3
C
D
C
D
de /tfv s i n 49'
[ 2 . 6 8 ]
The p r o b a b i l i t y  f o r  K e x c i t a t i o n  i s  o b ta in e d  by i n t e g r a t i n g  the  above
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e q u a t io n s  f o r  0 from 0 t o  tt s u b j e c t  to the  boundary c o n d i t i o n s  a t  zero .  
Then s in ce  the  e q u a t io n s  depend s o l e l y  on t h e  param ete r  ab 3/fiv th e  p robab­
i l i t y  f o r  K -sh e l l  e x c i t a t i o n  i s  g iven  by:
P ( b , v )  = P 0 (ab 3//Kv ) [2.69]
where Pq i s  a u n i v e r s a l  f u n c t i o n  independen t  of  the  c o l l i s i o n  system. The 
t o t a l  c ro s s  s e c t i o n  i s  th e n  given  by
o(v) = 2 tt b db P (b ,v )
From e q u a t io n  2.70  one o b t a i n s ,
Go = k 0 ^ v / a ) ' 3
[2.70]
[2.71]
where 2 tt y^ y
Jo
[2.72]
The dependence on t h e  s p e c i e s  o f  th e  c o l l i s i o n  system in  th e  p robab ­
i l i t y  PQ and the  c ro s s  s e c t i o n  a Q i s  in c lu d e d  in th e  pa ram ete r  a .  T au lb je rg  
e t  a l .  [Tau 76] have p u b l i s h e d  u n i v e r s a l  t a b l e s  from which the  MO p r e d i c t i o n s  
f o r  t h e  K - e x c i t a t i o n  p r o b a b i l i t y  can be c a l c u l a t e d .
2 . 8 .2  The S t a t i s t i c a l  Model
As the  com plex i ty  o f  t h e  q u a s im o le c u la r  system i n c r e a s e s  th e  MO 
e l e c t r o n  promot ion model beg in s  t o  break down. F i r s t  a t r a n s i t i o n  does not  
occur a t  a p o i n t ,  bu t  over an a p p r e c i a b l e  d i s t a n c e .  Secondly should  a n o t h e r  
c r o s s in g  occur  b e f o r e  the  f i r s t  i s  completed,  then  th e  s i n g l e  c r o s s in g  formula 
f a i l s .  The l i k e l i h o o d  o f  t h i s  i n c r e a s e s  as th e  l e v e l  d e n s i t y  i n c r e a s e s ,  as  
does th e  chance o f  a s im u l taneous  t r a n s i t i o n  t o  o t h e r  nea rby  l e v e l s .  For 
c o l l i s i o n s  i n v o lv in g  a l a r g e  number o f  MO c r o s s in g s  t h e  vacancy p r o d u c t io n
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can be studied in terms of a statistical model. This was first developed 
from a diffusion equation approach by Mittleman and Wilets [Mit 67].
If the level density is high and the near crossings are frequent, 
then a transition from a given initial state can occur to many nearby 
final states. According to Mittleman et al. [Mit 67], since the transitions 
have no memory of their initial states it is possible to consider probab­
ilities rather than coherent amplitudes. The "flow" of probability is 
governed by a diffusion equation [Mit 67].
Brandt and Jones [Bra 76] applied the approach of Mittleman and 
Wilets [Mit 67] to the case of K-vacancy productions. The K-shell level 
acts as a reflecting boundary and the ionization edge, e v , as an absorbingI\
boundary. The probability, P„, for an electron to reach while leavingK. K.
a vacancy in the K shell becomes,
with p being the impact parameter and v the collision velocity. R Q is the 
effective interaction range given by
[2.73]
where
SK (p) = -jj—  F(P/R0)K
[2.74]
Rq = .885 a^ Z0 eff [2.75]
?A
where Z = (Z.eff v 1
2
D„ = e„/C, C being an empirical constant. F(x) is given by, K K.
2 hF(x) = [C1-x ) - x arccosx] x < 1
= 0 x > 1 [2.76]
_2For large Z1 and Z2 (Z^  + Z ) = 1/4C should be a constant; however for
Z and Z2 near 10, C decreases below the value for large Z.
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CHAPTER 3
PREVIOUS INVESTIGATIONS OF INNER-SHELL IONIZATION 
3.1 INTRODUCTION
Total ionization cross section measurements for K, L and M shells 
using bare-ion (protons and alpha particles) excitation have been extens­
ively reported. These measurements are usually compared with the predic­
tions of various theoretical models. A review of some of the total cross 
section measurements, as well as a discussion on the agreement with the 
predictions obtained from the theories, is given in section 3.2.
Of greater interest when attempting to determine which theoretical 
model best explains the process of inner-shell ionization is the ioniz­
ation probability, Ip, as defined in section 2.6, equation 2.29(a). The 
variation of this quantity as a function of the impact parameter is a 
more sensitive test of the various models. Consequently this type of 
measurement has also been extensively reported for a range of targets 
and projectiles. Section 3.3 discusses the results obtained for the K- 
shell ionization probability and how they compare to the prediction of 
the models. Very few L-shell measurements have been published and no 
work on the M shell has to date been reported. The L-shell results are 
discussed in section 3.4.
For the more symmetric case (Zj ~ Z2) molecular orbital (MO)
[Fan 65, Lie 67] and statistical models [Mit 67, Bra 76] have been used 
to predict experimental results. In symmetric or near-symmetric 
collisions two main types of x-radiation are detected. These come under 
the headings of characteristic x-rays of both target and projectile, and 
non-characteristic (REC, brcmsstrahlung, molecular orbital) radiation.
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MO r a d i a t i o n  i s  r a d i a t i o n  e m i t t e d  by the  t a r g e t - p r o j e c t i l e  system dur ing
the  c o l l i s i o n .  I t  i s  the  former o f  t h e  two types  which i s  s t u d i e d  h e r e i n .
T o ta l  t a r g e t  p lu s  p r o j e c t i l e  i o n i z a t i o n ,  bo th  t a r g e t  and p r o j e c t i l e  K to
3
r a t i o s  and t h e  t a r g e t  to  p r o j e c t i l e  x - r a y  sha r ing  r a t i o  a re  s tu d i e d  
as a f u n c t i o n  of  the  impact  pa ram ete r .  S e c t io n  3.5 d ea l s  wi th p r i o r  
i n v e s t i g a t i o n s  o f  t h i s  ty p e .
3 .2  TOTAL CROSS SECTION MEASUREMENTS
E a r ly  measurements by Khan et  a l . [Kha 65] ,  u s ing  ba re  i o n s ,  
e x p e r i m e n t a l l y  de te rmined  the  i o n i z a t i o n  c ro s s  s e c t i o n  f o r  t h e  K s h e l l  
o f  C, Mg and Al in  th e  energy range  15-110 keV and 500-1900 keV, t h e  
L s h e l l  o f  Nd, Sm, Gd, Tb, Dy and Ho in  th e  energy range  500-1700 keV 
and f o r  M s h e l l  o f  Sm, Gd, Tb, Dy and Ho in  th e  energy range  25-100 keV 
and 500-1700 keV. R e s u l t s  f o r  the  K and L s h e l l s  were compared t o  the  
P lane  Wave Born Approximat ion  (PWBA) and the  SCA models.  Although some 
agreement was seen ,  the  d a t a  gave y i e l d s  c o n s i s t e n t l y  lower than th e  p r e ­
d i c t i o n s  .
BEA p r e d i c t i o n s  g iven by G arc ia  [Gar 70] reproduced  t h e  shape o f  
the energy dependence o f  t h e  M -she l l  r e s u l t s  w e l l ,  however the  a b s o lu t e  
v a lu e s  o f  th e  p r e d i c t i o n s  were on th e  whole l e s s  than  th e  exper im en ta l  
r e s u l t s .  Garcia a l so  in c lu d ed  a c o r r e c t i o n  f a c t o r  to  t ake  i n t o  account  
the Coulomb r e p u l s i o n  o f  t h e  p r o j e c t i l e .  Th is  gave b e t t e r  agreement 
between the  the o ry  and exper im en t  a t  lower p r o j e c t i l e  e n e r g i e s  where the  
d e v i a t i o n  o f  the  p r o j e c t i l e  from the  s t r a i g h t  l i n e  pa th  i s  expec ted  to  be 
g r e a t e r .
BEA and PWBA L - s h e l l  p r e c i c t i o n s  were compared t o  th e  d a t a  o f  Busch 
c t  a l . [ B u s  73] f o r  t o t a l  L- and M -sh c l l  i o n i z a t i o n  c r o s s  s e c t i o n s  fo r  
p ro to n s  on lead .  Both t h e o r i e s  produced good agreement,  th e  PWBA b e t t e r
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reproducing the shape of the curve.
SCA calculations for both total K- and L-shell ionization cross 
sections as a function of projectile energy were tabulated by Hansteen 
et al. [Han 73]. Predictions were compared to the proton data of Khan 
et al. [Kha 65, Kha 66] and Messelt [Mes 58] as well as the alpha particle 
data of Watson et al. [Wat 70]. Good agreement was obtained for the case 
of K-shell ionization. The theory was also in excellent agreement with 
the experimental results for the L-shell ionization cross section of gold 
[Wat 70, Bis 72, Ber 54].
The ionization cross sections for the L-subshells were also calcul­
ated by Hansteen et al. [Han 73]; the only results then available for 
comparison were those of Khan et al. [Kha 66] for the Ljjj subshell of Cu. 
Despite the good agreement for the K-shell data of Messelt [Mes 58] the 
Ljjj subshell predictions did not fit well, being too large at low energies 
and then dropping off too quickly at higher energies. A possible reason 
advanced to explain this discrepancy is the possible departure from hydro- 
genic wave functions for the electron. Another possible explanation is 
the increase in the binding energy of the electron due to the presence of 
the projectile within the electron orbit. Schmidt-Böcking et al. [Sch 77] 
proposed that the K-electron binding energy should be increased by about 
10 percent for protons on nickel for impact parameters less than 2 pm.
This would have the effect of reducing the predicted ionization probability 
t'or impact pa ramet ers less than 2 pm, and consequently the total Ionization 
cross section, improving agreement with the experimental results.
Busch et al. [Bus 73] also studied the L /L0 and L /L ratios.a 3 a y
These were compared to predictions by the BEA and PWBA and again the PWBA 
gave the better fit of the two theories. Datz et al. [Dat 74] studied 
Lj/Ljj and L'jjj/Ljj ionization cross section ratios for protons and alphas
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on Au. T h e i r  expe r im en ta l  r e s u l t s  were compared t o  PWBA c a l c u l a t i o n s  by Choi 
e t  a l . [ C h o  73] us ing  bo th  r e l a t i v i s t i c  and n o n - r e l a t i v i s t i c  hyd rogen ic  wave 
f u n c t i o n s .  The p r e d i c t i o n s  f o r  t h e  Lj / L j j j  r a t i o  agreed  well  w ith  e x p e r i ­
ment,  w i th  the  r e l a t i v i s t i c  PWBA g iv in g  b e t t e r  agreement a t  h ig h e r  e n e r g i e s .  
However t h e  Lj j j / L j j  r a t i o  f o r  a lp h a  p a r t i c l e s  showed a downwards t r e n d  f o r  
e n e r g i e s  below 1.5 MeV/nucleon which was n o t  p r e d i c t e d  by the  PWBA. The d a t a  
a t  .4 MeV/nucleon were almos t  a f a c t o r  o f  two below th e  p r e d i c t e d  v a l u e s .
No s ig n  o f  t h i s  was seen  in  the  p ro to n  d a t a .  I t  was proposed  [Dat 74] t h a t  
m u l t i p l e  i o n i z a t i o n  o f  t h e  t a r g e t  atom and t h e  accompanying u n c e r t a i n t i e s  
i n  t h e  v a l u e s  o f  the  t r a n s i t i o n  p r o b a b i l i t i e s ,  f lu o r e s c e n c e  y i e l d s ,  and 
C o s te r -K ro n ig  t r a n s i t i o n  p r o b a b i l i t i e s  might  account  f o r  t h e  downturn o f  the  
r a t i o  a t  low v e l o c i t i e s .  Data by Morgan e t  a l . [M o r  77] f o r  3IIe and 4He on 
gold  a l s o  showed t h i s  downturn a t  low p r o j e c t i l e  e n e r g i e s .  By in c lu d in g  
Coulomb d e f l e c t i o n  and b in d ing  energy c o r r e c t i o n s  [Bra 74] t h e s e  a u tho rs  
o b t a in e d  good agreement between PWBA p r e d i c t i o n s  and exper imen t f o r  the
q u a n t i t y  oT ( 4H e ) /ö T ( 3IIe) f o r  i  = 1, 2, 3, where a T i s  t h e  c r o s s  s e c t i o n  
Li  Li Li
f o r  i o n i z a t i o n  of  t h e  s u b s h e l l .
Amundsen [Amu 77] has  performed SCA c a l c u l a t i o n s  us ing  s t r a i g h t -  
l i n e  p a t h s  and the  t a n g e n t i a l  approx im at ion  [Han 69] .  Both s c reened  non- 
r e l a t i v i s t i c  hydrogen ic  wave fu n c t i o n s  and r e l a t i v i s t i c  (Dirac)  wave 
f u n c t i o n s  were used to  d e s c r i b e  th e  t a r g e t  e l e c t r o n s .  These c a l c u l a t i o n s  
were compared to  the  d a t a  o f  Datz e t  a l . [Dat 74].  At low v e l o c i t i e s  the  
d e f l e c t i o n  e f f e c t  was the  dominant c o r r e c t i o n  f a c t o r .  This  i s  not  s u r p r i s ­
i n g ,  s i n c e  as the  p r o j e c t i l e  v e l o c i t y  d e c r e a s e s ,  so w i l l  the  " s t i f f n e s s "  o f  
the  p r o j e c t i l e  t r a j e c t o r y .  For l a r g e r  v e l o c i t i e s  the  r e l a t i v i s t i c  e f f e c t s  
assumed g r e a t e r  im por tance .
In summary, t h e  BFA rep roduces  the  shape but  g e n e r a l l y  g ives  v a lues  
lower than  the  observed  d a t a ,  the  PWBA g iv i n g  b e t t e r  agreement w i th  th e  
shape and a b s o l u t e  magnitude  o f  th e  e x c i t a t i o n  f u n c t i o n .  At h ighe r
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energies the BEA and PWBA agree. When corrected for Coulomb deflection 
the SCA agrees well with the available data for the ionization cross 
section [Amu 77].
3.3 K-SHELL IONIZATION PROBABILITY
As mentioned above, a more sensitive test of the various theoretical 
models is achieved by studying the subshcll ionization probability, Ip, as 
a function of the impact parameter, p.
Laegsgaard et al. [Lae 72] first reported measurements of the 
K-shell ionization probability for 1 and 2 MeV protons on silver and 
selenium. BEA predictions by McGuire [McG 74] were compared to these 
results. Good agreement, between theory and experiment, was obtained for 
the general shape of the curve. However the agreement in magnitude was 
not good, the predicted values being more than a factor of two greater 
than the observed values.
The K-shell ionization probability of Cu using 25-, 35- and 43-MeV 
oxygen ions was obtained by Cocke et al. [Coc 73]. Figure 3.1 shows the 
43 MeV results; also shown are the BEA and SCA predictions normalized to 
the ex r i rv\ e At a.L c.ros.s section . BEA predictions dropped off too 
rapidly at large impact parameters compared to the data. It is this 
property of the BEA which causes it to generally underestimate the total 
ionization cross section (cf. section 3.2).
SCA predictions on the other hand reproduced well the experimental 
curve shapes of Cocke et al. [Coc 73] (as can be seen in figure 3.1), 
also the data of Laegsgaard et al. [Lae 72]. Brandt et al. [Bra 73|
reported a somewhat different technique of determining the K-shell ioniz­
ation probability. Rather than maintaining a constant energy for the 
projectile and varying the detection angle to vary the impact parameter, 
the angle is held constant while the energy of the projectile is varied.
4 3  Me V  0  o n  Cu
S C A
B E A
j _____________ |_____________ i__________ \ __|_____________ i_____________ i_____________i_
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Figure  3.1 P lo t  o f  i o n i z a t i o n  p r o b a b i l i t y  t imes impact  p a r a m e te r ,
Ip x p,  v e r s u s  p. Data and p r e d i c t i o n s  reproduced  from Cocke e t  a l . [Coc 
73];  p r e d i c t i o n s  have been normal ized  to  th e  t o t a l  exper im en ta l  c ro s s  s e c t i o n .
In a reduced plot the data followed a common curve predicted by the SCA.
In an attempt to obtain some further differentiation between the 
SCA and BEA,the behaviour of the ionization probability for very small 
impact parameters (10”13 to 10"14 m) was investigated by Chemin et al.
[Che 75]. One and two MeV protons were used to bombard Al, Cu and Ti 
targets. Large discrepancies were observed between the experimental results 
and the SCA and BEA predictions for small impact parameters where the ex­
perimental results were two to three times greater than the theoretical 
predictions. Including corrections for the relativistic motion of the 
target electrons increased the BEA predictions, particularly for small 
impact parameters, however when projectile deflection was also corrected 
for, Chemin et al. [Che 75] found that the above increase was almost 
cancelled. Anderson et al. [And 76] repeated this experiment and extended 
it to include proton energies of .7 and .5 MeV. Their results for 2 MeV 
protons on Cu disagreed with the results of Chemin et al. [Che 75], with 
no increase being seen for small impact parameters. An increase was 
however seen in the .5 MeV results. It was proposed [And 76] that inter­
ference between the dipole ionization amplitudes, corresponding to the 
projectile trajectory before and after deflection by the target, led to 
a term proportional to the cosine of the scattering angle in the expression 
for the ionization probability (cf. section 2.7.3 this thesis). Chemin et 
al. [Che 78] studied Cu K-shell ionization probability for .5 MeV protons,
1 MeV D+ and 2 MeV He projectiles. SCA calculations, when corrected for 
binding, retardation and relativistic effects, were in good agreement with 
the experimental results for large scattering angles if the interference 
effect mentioned above was taken into account.
Finally, the 1 scaling law for the ionization probability has been 
investigated by several authors [Bra 66, Sch 77, And 76(a)]. It was found 
that the SCA model, when corrections for the increase in the K-electron
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binding energy were included, predicted well the results observed for 
small impact parameters, the agreement worsened with increasing impact 
parameter.
Summarizing,one may say that the experimental curve shapes are 
best reproduced by the SCA, the BEA predictions falling off too quickly 
at large impact parameters. When corrected for the binding energy, 
projectile retardation, relativistic, and interference [And 76] effects 
the SCA gave good agreement with the very small impact parameter experi­
ments [Che 78].
3,4 L-SHELL IONIZATION PROBABILITY EXPERIMENTS
Early measurements by Laegsgaard et al. [Lae 74] investigated the 
impact parameter dependence of the total L-shell ionization probability 
of gold using 1.0, 1.4 and 2.0 MeV proton projectiles. When normalized 
to agree with the theoretical total cross section of Datz et al.[Dat 74] 
SCA predictions agreed well with the 1.0 and 1.4 MeV results. However 
the 2 MeV experimental yields were about 1^ times higher than predicted 
for impact parameters less than 2 pm. Furthermore the peak in the 
ionization probability that reflects the maximum in the wave function of 
the L electron occurred at a smaller impact parameter than was predicted.
In the above experiment [Lae 74] detector resolution was not 
sufficiently good to enable individual L x-rays to be resolved. Stiebing 
[Sti 76] reported on the impact parameter dependence of the L^, L^  and 
total L-shell x-ray production of Pb by 2.0, 3.0 and 6.0 MeV protons.
The results obtained by Stiebing [Sti 76] for the total Pb L x-ray 
radiative emission probability along with the BEA and SCA predictions arc 
shown in figure 3.2. Both the BEA and SCA were of the same order of 
magnitude as the data, BEA and SCA predictions differing from each other
4 6 .
6 M e V
3 M e V
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Figure  3.2 Impact pa ram e te r  dependence o f  t o t a l  Pb L x - ra y  p ro d u c t io n  
p r o b a b i l i t y ,  Pp, by 2- ,  3- and 6-MeV p ro ton  bombardment. Data,  SCA ( s o l i d  
l i n e )  and BFA (broken l i n e )  a rc  reproduced  from S t i e b in g  e t  a l .  [S t i  7(>] .
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only slightly in shape and by at most a factor of two in magnitude.
Neither of these two theories consistently predicted the shape or magni­
tude of the experimental data. As can be seen from figure 3.2 the BEA 
agreed well with the 2 MeV and the SCA better with the 3 and 6 MeV results 
overall. In general the BEA theory worked best for impact parameters 
greater than 1 pm (where the SCA overestimates the data), the SCA for 
values less than 1 pm. It is not then surprising that the SCA model pre­
dicted a total cross section which was larger than that observed experi­
mentally [Bus 73]. Conversely the good fit provided by the BEA at larger 
impact parameters enabled the BEA to provide a more accurate prediction of 
the total cross section.
Bauer et al. [Bau 78] studied the ionization probability of the L 
shell of gold as a function of the impact parameter using .12-, 30-, 40- 
and 50.8-MeV alpha particle projectiles. Both SCA and BEA theories 
predicted lower values for the ionization probability than seen experi­
mentally. This discrepancy increased with increasing projectile energy 
up to a factor close to 10 for the 50.8-MeV results. In this experiment 
the Lß, La, Lg and L x-rays were resolved and their production probab­
ilities compared with theoretical predictions. These were claimed [Bau 78] 
to exhibit, experimentally, the same behaviour as the total ionization 
probabilities, indicating that at least the Ljjj subshell showed the same 
energy dependent behaviour as the total L shell, since the La line con­
tained about 80°o of the x-rays arising from the filling of the j 
subshcl1.
Amundsen [Amu 77] introduced relativistic Coulomb wave functions 
for the L-shell electron in the SCA calculations. He performed the 
calculations using both the straight-line and tangential approximation 
[Han 69]. The results were compared to non-relativistic calculations 
[Han 75]. It was found that deflection effects and the relativistic
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corrections almost cancelled each other and the results were very similar 
to the non-relativistic calculations using the straight-line approxim­
ation. This is similar to the result observed by Chemin et al. [Che 75] 
in section 5.3.
Aashamar et al. [Aas 78] discussed SCA calculations for proton 
induced L-shell ionization at large scattering angles. Their calculations 
showed that large angle effects similar to those seen for the K shell 
(cf. section 4.3) were present for the and Ljjj shells. The effect 
is more pronounced for these shells than for the K and Lj shells since 
the transition amplitude for dipole and higher multipolc transitions are 
strongly modified by the effect (cf. section 2.4) and for p-states dipole 
and higher transitions dominate the ionization probability.
To summarize, the SCA predicted quite well the shape of Laegsgaard's 
experimental curve for the total L-shell ionization probability [Lac 74]. 
Similarly the SCA and BEA agreed fairly well with the data of Stiebing et 
al. [Sti 76]. The SCA is better for higher projectile energies and small 
impact parameters, and the BEA for lower energies and large impact para­
meters. However the high energy results of Bauer et al. [Bau 78] were not 
well predicted by either the SCA or BEA. The discrepancy between theory 
and experiment increased with increasing projectile energy.
There is clearly a need for further investigations of the total 
L and individual L x-rays in an attempt to further differentiate between 
the BEA and SCA models.
3.5 K-S11ELL IONIZATION PROBABILITY IN SYMMETRIC AND NEAR-SYMMETRIC 
COLLISIONS
There have been several ionization probability versus impact 
parameter experiments reported using projectiles with the same, or similar, 
mass as the target. The results, at present, do not indicate the prevailing
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success of either of the two models most commonly used to predict the 
experimental results (the statistical model, SM, and the molecular- 
orbital model, MO).
Statistical model predictions agreed well with the data obtained 
by Tserruya et al. [Tse 78] for the total K-shell ionization probability 
for 35 MeV Cl on Cl and Ti targets. Similarly, calculations by Brandt and 
Jones [Bra 76] based on the SM agreed fairly well with impact parameter 
dependence of the K-shell vacancy production data of Sackman et al. [Sac 
74] (Ne on Ne) and Jones et al. [Jon 76] (S, 0 and Ne on Al).
Molecular-orbital calculations by Briggs and Macek [Bri 72] agreed 
well in structure with the data of Sackman et al. [Sac 74]. MO predic­
tions [Tau 76] for the experiment by Tserruya et al. [Tse 78], however, 
differed greatly both in magnitude and shape from the data.
A further comparison of the MO and SM theories was given by Johnson 
et al. [Joh 79] who investigated the impact parameter dependence of the 
probability of K and L x-ray production by bombarding Mn, Sn and Pb 
targets with Ni ions. The data were well reproduced by the SM through 
the choice of a diffusion coefficient (see section 2.7 this thesis). The 
MO, however, did not reproduce the shape of the K-shell data.
In the experiment by Tserruya [Tse 78] the ionization probability 
of the heavier partner in the collision was well reproduced using the 
analytical expression derived by Briggs [Bri 74] for the impact parameter 
dependence of the vacancy sharing probability and the 2pg excitation 
probability of the SM. Figure 3.3 shows the results of Tserruya and the 
prediction obtained using the SM and the expression of Briggs. Vacancy 
sharing between the collision partners as a function of the impact para­
meter has also been investigated by Schuch et al. [Sch 77]. The impact 
parameter dependence increased with increasing collision asymmetry. The
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Figure  3.3 K -she l l  i o n i z a t i o n  p r o b a b i l i t i e s ,  Ip ,  o f  the  h e a v i e r  p a r t n e r ,  
fo r  35 MeV Cl on Ni and T i ,  as a f u n c t i o n  o f  impact pa ra m e te r .  Data and 
p r e d i c t i o n s  a r e  rep roduced  from Tse r ruya  e t  a l . [Tse 78],
analytical expression derived by Briggs [Bri 74] gave a predicted curve 
which agreed well with the data but was 20-30% lower than the experimental 
results.
The ratio of Kp to Ka intensities has been studied by several
authors [Muk 78, Gui 78]. We recall that the Ka and Kp x-rays arise
from K vacancies being filled from the L and M shell respectively (see
section 2.3 this thesis). Thus, in a simple model, the K./K ratio isß a
proportional to the number of electrons in the M shell and inversely 
proportional to the number of L electrons. Guillaume et al. [Gui 78] 
studied the K^/K^ ratio for I on Ag. A significant variation with impact 
parameter was found. Both statistical and molecular-orbital models were 
compared to the data. The latter gave good agreement with experiment and 
predicted fairly well the structure seen in the data.
In view of the results discussed above it seems that the MO is 
best used in predicting the experimental results in slow nearly symmetric 
collisions. For the more asymmetric, and faster symmetric, collisions the 
increasing complexity (and density) of level crossings leads to the greater 
success of the statistical model in predicting the experimental results 
observed.
There is thus a need for further experiments over a range of 
collision systems on both sides of the symmetric case. Also an investig­
ation of the vacancy-sharing ratio as a function of atomic number and 
impact parameter would be of interest. Furthermore the variation of the
Kn/K ratio with the above mentioned variables could be used to give an ß a 0
indication of the relative importance of simultaneous K/L or K/M ionization. 
Should the M-shell ionization probability show a rapid increase, similar to 
that reported in section 6.2 of this thesis, this could show up in a rapid
variation in the K /K ratio.
ß ct
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CHAPTER 4
EXPERIMENTAL REQUIREMENTS
4.1 INTRODUCTION
This chapter describes the technical requirements for the vacancy- 
production experiments already outlined in Chapter 1, and contains a 
description of all the equipment developed specifically for this work.
In order to carry out the experiments it was necessary to detect scattered 
particles (protons, 160 and 53Cu) emerging at small angles of forward 
scattering (< 1 degree) from thin self-supporting targets in time coincid­
ence with x-rays originating from the filling of inner shell vacancies 
created by the scattering process. To achieve this an accurately 
aligned and divergence-free beam-collimating system for detection angles well 
below those usually employed in nuclear-physics experiments was required. The 
details of this system are given in section 4.2. Small-angle scattered 
particles were detected using a surface-barrier counter, mounted axially 
with the beam direction, with an annular mask. Section 4.3 describes this 
detector arrangement. X-rays with energies greater than 3 keV were detected 
with a lithium-drifted silicon counter assembled from a KeVeX-kit* system.
The construction and characteristics of this system are detailed in section 
4.4. In section 4.5 the targets, and their supports, are described. Also 
discussed are the methods of determining the target thicknesses. Special 
electronic requirements for detection of coincident events as well as 
recordings of x-ray and scattered-particle energies are discussed in section 
4.6, and the data-collection system used is described in section 4.7.
* Manufactured and supplied by KeVeX International Corporation, Foster City, 
California, 94404, USA.
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4.2 BEAM COLLIMATION
Two accelerators were used to provide the particle beams used in 
these experiments. The first of these was a 2 MV model AK Van de Graaff* 
equipped with a conventional radiofrequency ion source. This machine was 
used to provide a beam of 2 MeV protons which were selected by a 22.5 degree 
analysing magnet with a mass energy product of 36 MeV-amu. Secondly a 14 MV 
model 14UD Pellctron accelerator was used to provide a beam of 60 MeV oxygen 
ions and a beam of 100 MeV copper ions. These particles were analysed using 
a 90° bending magnet.
Figure 4.1 shows how a 90 degree bending magnet was used to steer 
beams from the 2 MV accelerator into a common target chamber. Collimation 
of the beams was provided by three sets of slits and by collimation within 
the target chamber, cf. figure 4.2. The slits before the 90° magnet were also 
used in the feedback stabilization system for the 2 MV accelerator. A 1 mm 
diameter carbon collimator mounted upstream from the target defined the 
beam spot size. Figure 4.2 shows a 2 mm diameter carbon anti-scatter baffle 
mounted immediately behind the target. A dashed line is drawn to show how 
this collimator shields the forward-scattered particle detector from any 
particle which may be slit-edge scattered from the 1 mm collimator. Carbon 
was the material chosen for constructing the collimators. This was because 
the mean angle of scatter from a slit is less for a slit with a lower atomic 
number; section 2.1.1 gives a more detailed discussion of slit-edge scatter­
ing. Figure 4.3 shows the forward scattered particle spectra obtained for 
the various collimation systems described in the figure caption. It can be 
seen from figure 4.3(b) that the use of the carbon collimators 
substantially reduces the size of the low energy tail on the energy peak.
* Manufactured by High Voltage Engineering Corporation, Burlington, 
Massachusetts, USA.
t National Electrostatics Corporation, Box 117, Gräber Rd., Middleton, 
Wisconsin, USA.
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FORWARD SCATTERED 
PARTICLE DETECTOR
1mm C
COLLIMATOR
BEAM
Si (Li) X - R A Y
DETECTOR 2mm C ANTISCATTER 
BAFFLE
TARGET
BACKSCATTERED 
PARTICLE DETECTOR ANNULAR M A S K
Figure 4.2 Figure showing experimental arrangement with carbon collimation 
system. Dotted line shows how 2 mm anti-scatter baffle shields particle 
detector from 1 mm collimator.
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Figure 4.3 Forward scattered particle spectrum obtained with (a) 1 mm Ta 
collimator, (b) 1 mm C collimator with 2 mm C anti-scatter baffle.
5 6 .
Use o f  t a n ta lu m  i n s t e a d  o f  carbon f o r  the  1 mm c o l l i m a t o r  i n t r o d u c e s  a 
l a rg e  ('v 80% o f  e l a s t i c  peak) hump in  the  p a r t i c l e  spectrum j u s t  below the  
f u l l  energy  peak.  This  a r i s e s  from th e  l a r g e r  y i e l d  o f  p a r t i c l e s  which a re  
s l i t - e d g e  s c a t t e r e d ,  a t  the same a n g l e ,  by th e  s l i t  made from the  m a t e r i a l  
w i th  th e  h i g h e r  atomic number. The s l i t s  a f t e r  th e  90° magnet were s e t  a t  
2 x 2 mm and wi th  the  1 mm carbon c o l l i m a t o r  i n  p o s i t i o n  t h i s  d e f in e d  a 
maximum a n g u l a r  d ive rgence  o f  .4 m i l l i d c g r c e s  f o r  the  beam.
As a r e s u l t  o f  th e  s t r o n g  fo rw ard ly -peaked  a n g u l a r  d i s t r i b u t i o n  o f  
R u th e r fo r d  s c a t t e r i n g ,  th e  beam c u r r e n t s  had to  be kep t  low to  p r e v e n t  the  
s c a t t e r e d - p a r t i c l e  d e t e c t o r  count  r a t e  from being  too  l a r g e .  Beam c u r r e n t s  
ranged from pA (10 12A) t o  fA (10 15A ) , as e s t im a te d  from the  fo rward-  
s c a t t e r e d  p a r t i c l e  d e t e c t o r  count  r a t e .  Th is  gave a count  r a t e  <_ 30000 sec 
a t  a l l  ang les  of  d e t e c t i o n .
4 . 3  PARTICLC DETECTION
Coinc idences  between s c a t t e r e d  p a r t i c l e s  and x - r a y s  were d e t e c t e d  
by us ing  a time to  am pl i tude  c o n v e r t e r  (TAG). Stop p u l s e s  f o r  th e  TAC 
were p rov ided  by a f o r w a r d - s c a t t e r e d  p a r t i c l e  d e t e c t o r  a l i g n e d  a x i a l l y  
with  the  beam d i r e c t i o n .  A tan ta lum  a n n u l a r  mask was used t o  s e l e c t  the  
ang le  o f  d e t e c t i o n ,  0; t h i s  was c o n s t r u c t e d  by d r i l l i n g  1 mm ho les  on 
c i r c l e s  o f  r a d iu s  equal  to  6 o r  8 mm. D e te c t io n  ang les  were a l t e r e d  by 
v a ry ing  th e  d i s t a n c e  downstream a t  which the  d e t e c t o r  was p laced  o r  the  
r a d iu s  o f  th e  an n u la r  mask.
The p a r t i c l e  d e t e c t o r  (and the  carbon c o l l i m a t o r s )  were i n i t i a l l y  
a l i g n e d  by means o f  r u l e d  l i n e s  on t h e  su p p o r t s  and on th e  t a r g e t  assembly 
b ase .  This  however, d id  no t  p rov ide  a s u f f i c i e n t l y  a c c u r a t e  method of  
a l ignment  fo r  our  r eq u i re m en ts  s in c e  small  angle  s c a t t e r i n g  has a s t ro n g  
a n g u l a r  dependence.  To overcome t h i s  a l a s e r  beam was used f o r  a l ignment 
p u rposes .  F igure  4.4 shows a p n e u m a t ic a l l y  o p e ra t e d  45 degree  m i r r o r
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Laser
ChamberCollimator box
Retractable 
45° mirror
F igure  4 .4  Schematic  diagram showing the  l a s e r  al ignment o f  t a r g e t ,  
c o l l i m a t o r s  and p a r t i c l e  d e t e c t o r .
used  to  r e f l e c t  a l a s e r  beam along  th e  p a th  o f  th e  p a r t i c l e  beam. This 
was then used  to  a l i g n  t h e  c o l l i m a t o r ,  a n t i - s c a t t e r  b a f f l e  and the  an n u la r  
mask. That  t h e  p a r t i c l e  and l a s e r  beams were col  l i n e a r  was checked as 
fo l low s :  a pape r  mask was mounted on the  p a r t i c l e  d e t e c t o r  annulus  and
the  p o s i t i o n  o f  the  l a s e r  spo t  was marked upon t h i s .  The mask was then 
bombarded w i th  p a r t i c l e s  and the  energy d e p o s i t e d  by the  p a r t i c l e s  caused 
t h e  paper  to  d i s c o l o u r  th us  l o c a t i n g  the  beam s p o t .  V isual  examinat ion  
showed th e s e  two p o s i t i o n s  to c o i n c id e  to  w i th in  l e s s  than  .25 mm.
A range o f  f o r w a r d - s c a t t e r e d  d e t e c t o r  an g le s  from .8 to  14.6 degrees  
was covered .  This  co r re sp o n d s  to  d i s t a n c e s  downstream from the  t a r g e t  of  
from 23 mm to 430 mm, u s in g  a 6 mm r a d i u s  a n n u la r  c o l l i m a t o r .
For exper im en ts  us ing  th e  copper beam the  d e t e c t o r  r e s o l u t i o n  
r a p i d l y  worsens due to  r a d i a t i o n  damage in  the  d e t e c t o r .  This  was a l s o
5 8 .
e v id e n t  wi th  the  l i g h t e r  beams used (p ro tons  and oxygen) ,  bu t  the  r a t e  
of  damage f o r  th e  h e a v i e r  ions  was much g r e a t e r .  However Johnson e t  a l .
[Joh 79] found t h a t  t h e i r  r e s u l t s  were i n s e n s i t i v e  to  d e t e c t o r  r e s o l u t i o n .
4 ,4  X-RAY DETECTION
There were two requ i re m en ts  which had to be s a t i s f i e d  by th e  x - ra y  
d e t e c t o r  used in  t h e s e  c o in c id en c e  exper im en ts .  The f i r s t  o f  t h e s e  was to  
maximize the  s o l i d  ang le  so as to i n c r e a s e  the  r a t e  o f  c o l l e c t i o n  o f  d a ta  
and th e  second to  have good r e s o l u t i o n  t o  enab le  s e p a r a t i o n  o f  th e  thorium 
L , Lß, L , and copper,germanium,  chrome and selenium and x - r a y s .
The d e t e c t o r  was purchased  from KeVeX in  a k i t  form. I t  had an 
a c t i v e  a r e a  o f  80 mm2, a dep th  o f  3 mm and was s u p p l i e d  w i th  a s p e c i f i e d  
r e s o l u t i o n  o f  385 eV. The f r o n t  f ace  o f  th e  d e t e c t o r  was a mean d i s t a n c e  
o f  2.5 cm from th e  t a r g e t .  This  gave i t  a s o l i d  angle  o f  1 p e r c e n t  o f  4 tt 
s r .
F igure  4.5 shows the  s e l f - c o n t a i n e d  vacuum system which was des igned  
f o r  the  x - r a y  d e t e c t o r .  The x - ra y  d e t e c t o r  was mounted a t  th e  end o f  a 
copper  c o l d - f i n g e r  which was coo led  by means o f  a l i q u i d  n i t r o g e n  d r ip  
feed  system. The whole assembly was mounted onto the  s id e  o f  the t a r g e t  
chamber with  t h e  " s n o u t "  p r o t r u d i n g  i n t o  th e  chamber a t  an angle  o f  135 degrees  
to  the  beam di r e c t i  on. The d e t e c t o r  vacuum was i s o l a t e d  from t h a t  o f  the  
t a r g e t  chamber and had a 14 y b e ry l l iu m  window f o r  x - r a y  t r a n s m i s s i o n .
A f u r t h e r  37 y b e ry l l iu m  ab s o rb e r  was mounted i n  f r o n t  o f  th e  d e t e c t o r .
This  t o t a l  t h i c k n e s s  o f  51 y was s u f f i c i e n t  to  s top  a b a c k - s c a t t e r e d  2 MeV 
p ro to n :  t h i s  t h i c k n e s s  a l s o  s topped  b a c k - s c a t t e r e d  60 MeV oxygen io n s .
The count ing e f f i c i e n c y  was reduced to  60% [Wol 73] for  the  3.1 keV 
thorium M x - r a y  by a b s o r p t i o n  in  the  b e ry l l iu m .  The cutaway in f i g u r e  4 .5  
shows the  mesh c y l i n d e r  which c o n ta in e d  a m o le c u la r  s i e v e  around the
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cold-finger. This was used to maintain detector vacuum.
Initially difficulties were experienced in obtaining the resolution 
necessary for the experiments. A 5.9 kcV x-ray from an 55Fe source gave 
a peak with a full width at half maximum (FIVIIM) of % 1000 cV. This poor 
resolution was unsatisfactory for the following reasons: not only does it 
prevent the separate L and K x-rays from being resolved as outlined above, 
but also the worse the resolution the more difficult it becomes to 
separate the x-ray signal from the noise for a given pulse-shaping time 
constant. Seeking to improve the energy resolution by increasing the 
time constant in the main x-ray amplifier causes a loss of timing resol­
ution and consequently an increase in the width of the TAC peak.
It was thought that the poor resolution might have been due to 
microphonics arising from vibrations in the long ('v 40 cm) cold-finger.
It has been reported [Mug 72] that the dripfeed system of cooling can 
give rise to microphonics and subsequently worsened resolution. Several 
attempts were made to minimize this effect: first a support for the cold-
finger was made. This firmly located the cold-finger with respect to the 
detector vacuum vessel, the initial support being a slide fit. Secondly, 
as a test, the cold-finger was shortened to about 5 cm in length. Neither 
of those changes gave rise to any improvement in the resolution.
Another possible cause for the poor resolution could have been that 
lithium near the surface of the detector had drifted out of the main body 
of the detector and onto the front surface. Therefore it was thought that 
a clean-up drift might improve the resolution [Eng 74 and references 
therein]. The re-drift was done by applying a bias voltage to the 
detector while it was at a higher temperature. At this higher temperature 
the increased mobility of the Li atoms enables them to move back into the 
Si crystal under the influence of the applied voltage.
The clean-up drift was carried out at 273 degrees K, with a bias 
of -100 V on the detector. This was thought to be a sufficiently large 
voltage since the detector was fully depicted at a bias of -200 V under 
normal operating conditions, and our interest was only in a surface effect. 
A 24 hour re-drift under the above conditions gave a marginal improvement 
in resolution. Further re-drift attempts had no effect on the resolution.
In order to increase the gain and improve the resolution in the 
low energy range the feedback resistor and capacitor in the detector 
head assembly was replaced with a single 50 megohm resistor. This was 
successful in improving the resolution down to 333 eV for a 14.4 keV 
x-ray with a detector bias of -500 V using a KeVeX model 2000 pre­
amplifier and an ORTEC model 472 spectroscopy amplifier with a 6 micro­
second time constant. Figure 4.6 shows an x-ray spectrum obtained by
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Figure 4.6 X-ray spectrum obtained by bombarding a thorium target with 
2 MeV protons.
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bombarding a thorium target with a 2 MeV proton beam. The thorium L and 
M x-rays are labelled; peaks between 5 and 9 keV arise from scattered 
beam striking the target frame. This spectrum shows a resolution of 
595 eV at 13 keV.
4.5 TARGHTS
Targets were prepared by evaporating under vacuum the desired 
target material (Th, Cr, Fe, Ge or Se) onto thin (> 10 yg cm-2) self- 
supporting carbon foils. Approximate thicknesses were determined using 
an optical transmission technique. Figure 4.7 shows a schematic of the 
back-scattering experiment used for absolute measurement of the target 
thickness. Back-scattered protons were detected and counted; the total 
beam current was monitored in the back Faraday cup. The target thickness 
was then deduced using the known scattering cross section. The inset in 
figure 4.7 shows a schematic of a back scattered proton spectrum from a 
thorium target. Tabic 4.1 below shows the thicknesses of the targets used 
in these experiments.
Selenium targets were prepared by sandwiching the selenium between 
carbon layers to prevent the selenium from evaporating under beam bombard­
ment. The carbon thickness given in table 4.1 is the total including both 
sides of the C-Se-C sandwich.
The targets were mounted on a 3-axis goniometer with the carbon face 
upstream. The reason for this orientation is discussed in section 2.8.1.
4.6 ELECTRONICS
Coincidence events were recorded using a fast-slow technique of 
pulse-height analysis. Pulses from the x-ray preamplifier were fed into 
an ORTIIC model 454 fast timing filter amplifier (TFA) . This unit provided
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T a r g e t F a r a d a y
Cup
I n c i d e n t  i o n s
p a r t i c l e  s p e c t r u m
B a c k  -  s c a t t e r e d  
p a r t i c l e  d e t e c t o r
Figure  4 .7  Schematic diagram o f  b a c k - s c a t t e r i n g  arrangement used to d e t e r ­
mine t a r g e t  t h i c k n e s s e s .  The i n s e t  shows a schemat ic  o f  the b a c k - s c a t t e r e d  
p a r t i c l e  spectrum f o r  2 MeV pro tons  on Th .
TABLE 4.1 T h icknesse s  o f  th e  t a r g e t s  used in  the  exper iments  d e s c r ib e d  
h e r e i n .
T A R G E T T A R G E T  T H I C K N E S S  
( yq cm ' 1 )
C A R B O N  T H I C K N E S S  
( y q  c m ' 1 )
Th 1 9 - 1  t  0 - 2 10  1 i  0-1
S e 1 9 - 6  t  0-1 3 7 - 7  t  0-1
Ge 7 - 0  t  0-1 1 4 - 8  ♦ 0-1
Fe 1 2 - 0  l  0-1 1 8 - 9  ♦ 0-1
Cr 3 A i  0 0 5 1 6  8 ± 0-1
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an output signal with good time resolution but poor energy resolution.
To resolve the thorium M x-ray above noise the TFA had to be operated 
with a time constant of not less than 200 nanoseconds. Fast discrimin­
ation against noise in the x-ray pulses was provided by a constant 
fraction discriminator (CFD). Constant fraction timing is desirable 
sincc.it minimizes "time-walk" between pulses of different amplitudes.
Also if the delay is chosen appropriately then the timing information 
can be taken from the steepest part of the rising pulse where there 
is least timing jitter. Since the rise time of our x-ray pulse is 'v 200 
nanoseconds it was necessary to use an external delay of 50 nanoseconds, 
the maximum delay available internally in the CFD being only 14 nano­
seconds. The output of the CFD was then used to start a Canberra Instru­
ments model 1443 TAC. X-ray pulses were used to start the TAC since 
their rate was less than the particle pulse rate, thus reducing the 
number of false starts and subsequent TAC deadtime.
Energy discrimination of the coincident x-rays was provided by 
means of a "slow" pulse-height analysis system. This consisted of an 
ORTEC model 472 spectroscopy amplifier using a 6 microsecond time constant 
followed by an ORTEC model 406A single channel analyser (SCA). The SCA 
window was set to pass only those x-rays within the region of interest.
A logic pulse obtained from the SCA was used to gate the TAC; this 
prevented random TAC outputs being given when a noise pulse had started 
the TAC. A schematic of the x-ray electronics is shown in figure 4.8.
Figure 4.9 shows the electronics set-up used in the analysis of the 
scattered particle pulses. Pulses from the particle preamplifier were fed 
to an ORTEC model 454 TFA. The amplified pulses were then fed to an ORTEC 
model 473 CFD set to pass only those pulses above the detector noise. 
Output pulses from the CFD were used as stop pulses for the TAC.
D e t e c t o r
X - r a y  s p e c t r u m
To TAC 
GATE
ORTEC 
4 6 2  A 
S.C.A.
Kevex
2 0 0 0
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4 5 4
T.F.A.
DELAY To TAC 
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Figure 4.8 Schematic of x-ray electronics.
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Figure 4.9 Schematic of scattered particle electronics.
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Figure  4 .10  shows a t y p i c a l  TAC de l a y  spec trum. The t im ing  
r e s o l u t i o n  (FWHM) was 23 nanoseconds f o r  th e  8.05 keV K x - r a y .
-  200  -100  0 100 
T I M E  ( n s )
Figure  4 .10  TAC de lay  spectrum f o r  100 McV Cu + 6 on Ce
4 .7  DATA COLLECTION
Coinc idence  d a t a  were c o l l e c t e d  in  even t  mode u s ing  a program in  an 
IBM 1800 computer .  P u lses  from t h e  x - r a y  and p a r t i c l e  "slow" am p l i fy ing  
systems were s t o r e d  t o g e t h e r  w i th  th e  TAC p u l s e  a r i s i n g  from th e s e  two 
p u l s e s .  Each t r i o  o f  p u l s e s  was r ega rded  as an even t  and was w r i t t e n  
onto magnetic  t a p e  by t h e  computer .
To use t h i s  mode of  d a t a  r e c o r d i n g  a l l  t h r e e  p u l s e s  had to  a r r i v e  
a t  t h e i r  r e s p e c t i v e  ADC's w i t h i n  2 microseconds  of  each o t h e r .  To ensure  
t h i s  as well as  to minimize ADC dead t ime the  fo l low ing  te c h n iq u e  was used:  
th e  p a r t i c l e  and x - ra y  p u l s e s  from th e  long t ime c o n s t a n t  a m p l i fy in g  system 
were each fed  to  a Canberra I n s t ru m e n t s  model 1454 l i n e a r  g a t e  and 
s t r e t c h e r  (LGS) which was o p e r a t e d  i n  s t r o b e  mode. In t h i s  mode t h e
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pulses are accepted and stretched until a gating pulse arrives at the 
LGS at which time the pulses are emitted. Should no gating pulse arrive 
prior to the end of the waiting time then the LGS resets itself. An 
SCA logic pulse available from the TAC (and synchronized with the TAC 
pulse) was used to operate both gates. This system prevents x-ray or 
proton pulses which are not related to a TAC pulse from being presented 
to the ADC and thus increasing the ADC dead time. It also ensures that 
the particle, x-ray and TAC pulse are all synchronized when they arrive 
at their respective ADC's.
In addition to writing the events on tape the computer also projects 
each event onto three axes, corresponding to the x-ray, particle and TAC 
pulse spectra. This enables the experiment to be monitored during its 
progress. This was essential as some data points took several days to 
collect. Other quantities which were monitored and recorded by means of 
readable scalers during the experiment were: attempted starts and stops,
valid starts and stops, total number of scattered particles, the number of gates 
presented to the TAC and the total number of TAC outputs. These quantities 
not only enabled the progress of the experiment to be monitored but also 
enabled estimates for dead time corrections throughout the various pieces 
of the electronics and data recording equipment to be made.
In addition to the method of data collection described above, data 
were also collected in singles mode. Singles spectra are collected without 
any timing requirement being placed upon the pulses. Any pulse arriving 
during the ADC live time is stored by the computer. This mode of 
collection was used when carrying out experiments to determine target 
thickness. Singles back-scattered particle spectra were stored by the 
computer along with the output of a current digitizer connected to the 
back Faraday cup (cf. section 4.5).
The methods used to analyse the data are discussed in Chapter 5.
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CHAPTER 5 
DATA ANALYSIS
5.1 INTRODUCTION
This c h a p t e r  d e s c r i b e s  th e  methods by which p h y s i c a l  pa ram ete rs  
have been e x t r a c t e d  from the  ex per im en ta l  d a t a .
From the  exper iments  where 2 MeV p r o to n s  and 60 MeV oxygen ions  
were used to  c r e a t e  v a c a n c ie s  in  the  e l e c t r o n  s h e l l s  o f  a thor ium t a r g e t  
two p h y s i c a l  p a ra m e te r s  were e x t r a c t e d .  These were th e  impact pa ram ete r ,  
p ,  and th e  r a d i a t i v e  em iss ion  p r o b a b i l i t y ,  P . The l a t t e r  q u a n t i t y  was 
s e p a r a t e l y  found f o r  th e  M, L^, L^, and L x - r a y  g roups .  How t h i s  was 
done i s  shown in  s e c t i o n  5 .2 .
In the  case  o f  the  more nea r - sym m etr i c  c o l l i s i o n s  (100 MeV Cu+6 on 
Cr, Fe, Ge and Se) more than  j u s t  the  r a d i a t i v e  em iss ion  p r o b a b i l i t y  was 
s t u d i e d .  Again t h e  impact p a ra m e te r  was chosen as th e  b a s i c  v a r i a b l e .  
S tu d ie d  as a f u n c t i o n  o f  t h i s  v a r i a b l e  (and t a r g e t  atomic number) were the  
to  r a t i o  of  both  th e  t a r g e t  and p r o j e c t i l e ,  t h e  r a t i o  o f  t a r g e t  to  
p r o j e c t i l e  x - r a y s ,  and th e  r a d i a t i v e  emission  p r o b a b i l i t y  o f  th e  t a r g e t  
and p r o j e c t i l e .  The method of  a n a l y s i s  f o r  the  nea r - sym m etr ic  exper iments  
i s  d i s c u s s e d  in s e c t i o n  5 .3 .
5 .2  ANALYSIS OF PROTON AND OXYGEN PROJECTILE DATA
From th e  ang le  o f  s c a t t e r  o f  a p r o j e c t i l e  the c l a s s i c a l  impact  p a r a ­
me te r  can be found.  The an g le ,  th rough  which the p r o j e c t i l e  has been
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s c a t t e r e d ,  i s  found by measuring th e  d i s t a n c e  from th e  t a r g e t  to  the  a nnu la r  
p a r t i c l e  d e t e c t o r .  T h i s ,  t o g e t h e r  with the  r a d iu s  o f  the  annu lus ,  i s  used  
to  o b t a in  the  s c a t t e r i n g  ang le  by t r i g o n o m e t r i c  means. Once th e  ang le  o f  
s c a t t e r  has  been o b ta in e d  e q u a t io n  2.5 can be used t o  c a l c u l a t e  the  impact  
p a r a m e t e r .
Data from th e  exper im en t s  us ing  p ro to n s  and oxygen io n s  as p r o j e c t ­
i l e s  were s t o r e d  i n  even t  mode on magnetic  t ape  ( c f .  s e c t i o n  3 . 7 ) .  Each 
event  s t o r e d  on th e  tape  c o n s i s t e d  o f  t h r e e  p u l s e s .  These were t h e  t ime 
to am pl i tude  c o n v e r t e r  (TAC) p u l s e ,  and the  x - ra y  and s c a t t e r e d  p a r t i c l e  
p u l s e  which ,  as s t a r t  and s to p  p u l s e  r e s p e c t i v e l y ,  had g iven  r i s e  to  t h a t  
TAC p u l s e .  More d e t a i l  on how th e s e  p u l s e s  were r e c o rd e d  i s  g iven  in  
s e c t i o n  4 .7 .
When the  d a t a  a re  c o l l e c t e d  bo th  t r u e  and random c o in c id e n c e s  a re  
s t o r e d  on t a p e .  To c a l c u l a t e  th e  r a d i a t i v e  em iss ion  p r o b a b i l i t y  f o r  a 
p a r t i c u l a r  x - r a y ,  or  group o f  x - r a y s ,  we must f i r s t  f i n d  t h e  number of  
t r u e  TAC counts  which co r respond  to  the  p a r t i c u l a r  x - r a y ,  or  group o f  
x - r a y s .  In the  p r e s e n t  ca se  t h e  x - ra y s  of  i n t e r e s t  were the t o t a l  M, t o t a l  
L, and the  i n d i v i d u a l  L^, L^, and L x - r a y s  o f  thor ium.  The s o r t i n g  of  
th e  d a t a  i s  c a r r i e d  out  by p l a c i n g  a window on th e  x - r a y ,  or  group o f  x - r a y s ,  
o f  i n t e r e s t  and p r o j e c t i n g  onto the  TAC a x i s .  In o t h e r  words any TAC p u l s e
which has an x - ray  p u l s e  ( ly ing  w i t h i n  t h e  s e t  window) a s s o c i a t e d  with  i t  
i n  any event  i s  d i s p l a y e d .
Once the  TAC s p e c t r a  c o r re spond ing  to  x - ra y s  of  p a r t i c u l a r  e n e r g i e s  
have been o b ta in e d  one now has to  f in d  th e  number o f  t r u e  TAC coun t s .  Th is  
i s  done us ing  a peak a r e a  c a l c u l a t i o n  program, PKADD [Hay 70], Sample 
reg io n s  a re  s p e c i f i e d  on e i t h e r  s i d e  o f  (but  well  removed from) t h e  peak.
The program then e x t r a p o l a t e s  a background under the peak reg ion .  The
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number of  coun t s  in  th e  peak i s  then found by s u b t r a c t i n g  the  background 
coun ts  from th e  t o t a l  number o f  counts,  i n  t h e  peak r eg io n .
Once th e  number o f  t r u e  c o i n c i d e n c e s ,  Nc , has  been o b ta in e d  by the  
method d e s c r ib e d  above,  th e  r a d i a t i v e  em iss ion  p r o b a b i l i t y  can be computed 
us ing  the  e x p re s s io n
[5 .1]
Here Ng i s  th e  number o f  f o r w a r d - s c a t t e r e d  p a r t i c l e s  d e t e c t e d  i n  th e  
a n n u l a r  p a r t i c l e  d e t e c t o r ,  c o r r e c t e d  to  t a k e  i n t o  account  th o s e  p a r t i c l e s  
which have been s c a t t e r e d  from th e  carbon backing of  t h e  t a r g e t  
n i s  th e  x - ra y  d e t e c t i o n  e f f i c i e n c y  ( i n c l u d in g  s o l i d  ang le )  ( .008 
and .01 f o r  M and L x - r a y s  r e s p e c t i v e l y ) .  The i o n i z a t i o n
p r o b a b i l i t y ,  1^, i s  r e l a t e d  to  by the  e x p re s s io n
I
P
P /U) p x [5 .2]
where oo i s  th e  f l u o r e s c e n c e  y i e l d .
There a r e  d i f f i c u l t i e s ,  however,  in  us ing  t h e  above s o r t i n g  method 
when the  x - r a y s  cannot  be r e s o lv e d .  This  i s  the  case  in the  nea r -sym m etr ic  
e x p e r i m e n t s .
5 .5  ANALYSIS OF NEAR-SYMMETRIC RESULTS
As can be seen from f i g u r e  5 . 1 ,  vhich shows an example of  th e  x - r a y  
spectrum c o l l e c t e d  d u r ing  an exper im en t ,  th e  x - r a y s  in  the  near -sym m etr ic  
cases  cannot  be r e s o l v e d .  Thus t h e  method o f  s o r t i n g  mentioned above,  by 
p la c in g  windows on the  x - r a y  spectrum and p r o j e c t i n g  onto  th e  TAC a x i s ,  
cannot  be used  h e r e .  So a d i f f e r e n t  t e c h n iq u e  is  n e c e ss a ry .
When t h e  x - r a y s  cannot  be r e s o l v e d  the  s o r t i n g  i s  done by p l a c in g
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Figure  5.1 X-ray spectrum produced by 100 MeV Cu+6 on Ge.
windows on th e  TAC ax i s  and p r o j e c t i n g  onto th e  x - ray  a x i s .  F igure  5 .2 (a )  
shows the  t h r e e  windows (numbered 1, 2 and 3 ) .  The r e s u l t s  o f  p r o j e c t i o n s  
onto the  x - r a y  a x i s  fo r  each o f  th e s e  windows i s  shown in f i g u r e s  5 . 2 ( b ) ,  
(c) and ( d ) .
A program, TACST, was w r i t t e n  t o  add t h e  x - ra y  s p e c t r a  co r respond ing  
to  windows 1 and 3, s c a l e  them by an amount de termined  by the  r e l a t i v e  
l e n g th s  o f  a l l  t h r e e  windows and s u b t r a c t  them from th e  x - r a y  spectrum 
g e n e r a t e d  by the  p r o j e c t i o n  o f  window 2 on to  the x - r a y  a x i s .  The r e s u l t a n t
7 2 .
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6Figure  5 .2  (a) TAC spectrum f o r  100 MeV Cu on Gc. Three r e g io n s  a re
i n d i c a t e d  by the  numbers 1, 2 and 3. The r e s u l t s  of  p r o j e c t i o n s  onto  th e  
x - r a y  a x i s  us ing  th e se  t h r e e  windows a re  shown in ( b ) , (c) and ( d ) .
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x - r a y  spect rum i s  th e  spectrum co r respond ing  to  t r u e  TAC coun t s .
That  th e  program worked c o r r e c t l y  was checked by u s ing  i t  on the 
d a t a  o b ta in e d  in  the  non-symmetr ica l  exper im en t s .  In a l l  c ases  th e  r e s u l t s  
o b t a in e d  were the  same w i th i n  e x p e r im en ta l  e r r o r s  as  th o s e  o b ta in e d  by us ing  
th e  method d i s c u s s e d  in  s e c t i o n  5 .2 .
As could be seen from f i g u r e  5.1 some x - ra y s  are  c l o s e  enough in 
energy  so as to  be ov e r la p p in g  each o t h e r .  This  makes the  d e t e r m in a t io n  
o f  the  number o f ,  say Cu K^, x - r a y s  by simply  summing them im p o s s ib l e .  To 
overcome t h i s  problem a f i t t i n g  r o u t i n e  was used  to f i t  a Gaussian  curve 
to  each o f  the  i n d i v i d u a l  x - r a y  peaks .  The number of  x - r a y s  was then  found 
by i n t e g r a t i n g  th e  Gaussian  cu rves .
The number o f  x - r a y s  hav ing  been found t h e  r a d i a t i v e  em iss ion  
p r o b a b i l i t y  i s  c a l c u l a t e d  as o u t l i n e d  in s e c t i o n  5 .2 .  R e s u l t s  o f  th e  d a t a  
a n a l y s i s  a r e  shown and d i s c u s s e d  i n  C hap te r  6.
CHAPTER 6
DISCUSSION OF RESULTS
6.1 INTRODUCTION
This chapter presents the results of the coincidence experiments 
performed for this work. Experimental observations for the variation of 
the radiative emission probability of thorium L and M x-rays as a function 
of the impact parameter of the projectile (proton or oxygen ion) being 
used to produce the initial vacancy, are described in section 6.2. This 
section also discusses the results and compares them to predictions of 
two of the theoretical models. Finally some of the effects which may 
explain the rapid rise in the radiative emission probability which is 
observed for the M x-rays at small impact parameters, are discussed.
Section 6.3 presents the results obtained for the near-symmetric 
experiments, viz. the target to projectile x-ray ratios, target and 
projectile K to K ratio and the target radiative emission probability.p ot
6.2 RADIATIVE EMISSION PROBABILITY OBSERVATIONS FOR THORIUM X-RAYS
Figure 6.1 shows the radiative emission probability of the L x-rays, 
generated in thorium by 2 MeV protons, as a function of the impact para­
meter. Figure 6.1(a) shows the results for the total L x-rays, (b) and (c) shows 
the results obtained for the Lw and L^ x-rays, (d) and (c) those for the I, 
and L^ x-rays. Also shown in the figures are the theoretical predictions 
of the SCA (solid line) and BEA (dotted line) models. The BEA predictions 
have been scaled down by about an order of magnitude, to normalize them to 
the SCA predictions at an impact parameter of 1 pm, in order to facilitate a 
comparison of the two theoretical predictions and the experimental results. 
The theoretical predictions shown in figure 6.1 are found by using the SCA
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Figure  6.1 R a d i a t i v e  em iss ion  p r o b a b i l i t y  o f  Th L x - r a y s ,  produced by 
2 MeV p r o to n s ,  as a f u n c t io n  o f  impact  pa ram e te r :  (a) t o t a l  L x - r a y s ;  
(b) La x - r a y s ;  (c) x - r a y s ;  (d) Ly x - r a y s ;  and (e) x - r a y s .
SCA ( s o l i d  l i n e )  and BEA (dashed l i n e )  p r e d i c t i o n s  a re  a l s o  shown.
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L Mand BEA models to  p r e d i c t  the  i n i t i a l  vacancy d i s t r i b u t i o n s ,  n^ and n^
( i  = 1, 2, 3 and j = 1, 2, 3, 4 ,  5 ) ,  which a r e  then  s u b s t i t u t e d  i n t o  the 
e x p r e s s i o n s  used f o r  c a l c u l a t i n g  t h e  number o f  x - r a y s  seen ,  as d i s c u s s e d  
in  s e c t i o n  2 .5 .
I t  can be seen from f i g u r e  6 .1  t h a t  a l l  the  L x - ra y s  d i s p l a y  
ap p ro x im a te ly  s i m i l a r  b eh a v io u r ,  i n c r e a s i n g  f a i r l y  un i fo rm ly  as the  impact  
p a r a m e te r  d e c r e a s e s .  SCA p r e d i c t i o n s  f i t  th e  L - s h e l l  d a t a  w e l l ,  bu t  th e  
BEA v a l u e s  a r c  an o rd e r  o f  magnitude too  l a rg e  and have th e  wrong shape.  
Because o f  t h e  c l a s s i c a l  n a t u r e  o f  the  BEA model [Mey 77] i t  i s  n o t  s u r ­
p r i s i n g  t h a t  th e  SCA model g iv e s  a s u p e r i o r  f i t  to  th e  d a t a .
There a r e  some minor d i s c r e p a n c i e s  in  t h e  SCA p r e d i c t i o n s  f o r  th e  
L x - r a y  d a t a .  The f i t s  t o  th e  L0 and L d a t a  a r e  r e s p e c t i v e l y  about
36 Ot i  +  Ct 2
40% too  low and 20% too  h ig h .  Since a l l  t h e s e  x - r a y s  r e s u l t  from the  
f i l l i n g  o f  t h e  Lj j j  s u b s h e l l ,  t h e  d i s c r e p a n c y  must be due to  d e v i a t i o n s  
from the  c a l c u l a t e d  r a d i a t i v e  decay r a t e s  [Sco 69] and not  th e  f a u l t  o f  
t h e  SCA mechanism i t s e l f .  F igu re  6 .2  shows the exper im en ta l  r a t i o  o f  the
I M P A C T  P A R A M E T E R  ( p m )
Figure  6 .2  Rat io  o f  La to  r a d i a t i v e  emission  p r o b a b i l i t i e s  as a f u n c t i o n  
o f  impact  p a r a m e te r .  S o l i d  c i r c l e s ,  d a t a ;  s o l i d  l i n e ,  t h e o r e t i c a l  r a t i o  
[Sco 69] ;  d o t t e d  l i n e ,  w eigh ted  average  o f  the d a t a .
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r a d i a t i v e  em iss ion  p r o b a b i l i t y  to  the  r a d i a t i v e  em iss ion  p r o b a b i l i t y ,  
as a f u n c t i o n  o f  t h e  impact  p a ram e te r .  The s o l i d  c i r c l e s  show the  e x p e r i ­
menta l  v a l u e s  and the  s o l i d  l i n e  th e  t h e o r e t i c a l  r a t i o  taken  from [Sco 69] ,  
t h e  d o t t e d  l i n e  shows the  weighted  average  o f  the  expe r im en ta l  p o i n t s .  Thus 
we see t h a t  a r a t i o  o f  t h e  r a d i a t i v e  decay r a t e s  f o r  L and h o f  .5 t imes  
the  r a t i o  c a l c u l a t e d  by S c o f i e l d  [Sco 69] would produce b e t t e r  agreement 
w i th  exp e r im en t .  This  i s  s i m i l a r  t o  the  exper im en ta l  o b s e r v a t i o n  o f  t h e  Pb 
L^/L^ r a t i o  as a f u n c t i o n  o f  t h e  energy  o f  the  i n c i d e n t  p r o to n  energy  made 
by Busch e t  a l . [Bus 73] .  Here a d ip  below the t h e o r e t i c a l  va lue  occu r s  a t  
an energy  o f  about  1.5 MeV. Busch proposed  m u l t i p l e  i o n i z a t i o n  o f  t h e  M 
and L s h e l l  i n  such a way t h a t  t h e  r e l a t i v e  p o p u la t i o n  o f  the  Mj s u b s h e l l  
was g r e a t e r  th an  t h a t  o f  t h e  M^, M^j s u b s h e l l s .
The deduced M x - r a y  p r o b a b i l i t i e s  a t  l a rg e  impact pa ram e te rs  do not  
i n c r e a s e  as r a p i d l y  wi th  d e c re a s i n g  impact  pa ram ete rs  as do the  L x - r a y  
p r o b a b i l i t i e s .  However, as f i g u r e  6 .3  shows t h e r e  i s  an a b ru p t  i n c r e a s e  in  
th e  r a d i a t i v e  em iss ion  p r o b a b i l i t y  f o r  p below about  .4 pm. Both t h e  2 MeV 
p ro to n  d a t a  ( c i r c l e s )  and th e  60 MeV oxygen d a t a  ( c r o s s e s )  e x h i b i t  t h i s  
r a p id  i n c r e a s e .  Th is  sudden r i s e  i s  not  shown by th e  SCA p r e d i c t i o n s  f o r  
e i t h e r  the  p ro to n  ( s o l i d  l i n e )  o r  the  oxygen (broken l i n e )  r e s u l t s .
There a re  s e v e r a l  p o s s i b l e  causes  f o r  the  r a p i d  i n c r e a s e  seen in  the 
r a d i a t i v e  em is s ion  p r o b a b i l i t y  o f  the  M x - r a y s  f o r  smal l  impact p a r a m e te r s .  
One o f  t h e s e  i s  the r e c o i l  e f f e c t ;  i n  c o l l i s i o n s  inv o lv in g  small  impact  
p a r a m e te r s ,  a t a r g e t  atom may be knocked-on.  This  knockcd-on t a r g e t  atom 
can emit  a l a rg e  number o f  x - r a y s  as w el l  as i t s e l f  g iv ing  r i s e  t o  more 
e x c i t a t i o n  e ven t s  in  t h e  t a r g e t .  The x - r a y s  thus  c r e a t e d  can cause an 
i n c r e a s e  i n  the  observed r a d i a t i v e  em iss ion  p r o b a b i l i t y .  This  e f f e c t  was 
co n s id e re d  bu t  d i s c a r d e d  by S t e i n  c t  a l .  [Ste 72] in a t t e m p t in g  to e x p l a in  
a s i m i l a r  i n c r e a s e  seen in  the  L x - r a y  p ro d u c t io n  p r o b a b i l i t y  f o r  smal l  impact 
p a ram e te r s  i n  t h e i r  I on Te ex p e r im en t s .  However Burch and Taulb j^ r^  [Bur 75]
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F igu re  6 .3  V a r i a t i o n  o f  Th M x - r a y  r a d i a t i v e  em iss ion  p r o b a b i l i t y  w i th  
impact p a ram ete r .  Open c i r c l e s ,  p ro ton  d a t a ;  c r o s s e s ,  oxygen d a t a .  SCA 
p r e d i c t i o n s  f o r  the  p ro to n  ( s o l i d  l i n e )  and 160 (broken l i n e )  r e s u l t s  a re  
a l s o  shown. BEA p r e d i c t i o n s  f o r  p r o to n  d a t a  a re  shown as dashed l i n e s .  
The 160 d a t a  and p r e d i c t i o n s  a r e  s c a l e d  down by a f a c t o r  o f  100.
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further developed this idea, and by taking into account the azimuthal 
dependence of the recoil target thickness they determined that the recoil 
effect may in fact explain the increase observed by Stein et al. [Ste 72].
In the present work this effect is negligible as can be seen from the 
following: a 2 MeV proton at an impact parameter of .4 pm (the impact
parameter at which the sharp rise takes place), gives a target atom recoil 
energy of about .22 keV. To produce the same recoil energy with a 60 MeV 
oxygen ion an impact parameter of only .64 pm is required. However experi­
mentally the oxygen data do not show signs of a sharp rise until about .2 pm. 
A further possibility is that in a close encounter (i.e. a small impact 
parameter) a nuclear interaction may excite the nucleus of the target atom.
It is then possible for the nuclear excitation energy to be removed by the 
ejection of one or more atomic electrons, by a process known as internal 
conversion. If the multiplicity (i.e. the number of electrons emitted per 
photon) for the M shell was high then the subsequent emission of M x-rays 
arising from the filling of the resultant M-shell vacancies could explain 
the rapid increase observed in the radiative emission probability for the 
M x-rays. However if this was the case then the even higher L-shell multi­
plicity [Hag 68] should be reflected in an even more dramatic rise in the 
L x-ray radiative emission probability for small impact parameters. This 
was not observed in the present work.
The observed anomaly is qualitatively similar to that seen by 
Andersen ct al. [And 76] for the Cu K x-rays. In this reference an explan­
ation is given using a model which exaggerates the scattered particles non­
linear trajectory. Interference between the dipole ionization amplitudes 
corresponding to the projectile trajectory before and after deflection 
gives rise to an angle dependent effect in the radiative emission 
probability. Chcmin et al. [Che 78] obtained the following expression
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f o r  th e  r e g io n  o f  v a l i d i t y  f o r  th e  i n t e r f e r e n c e  e f f e c t  (see s e c t i o n  2 . 7 .3  
f o r  a d i s c u s s i o n  o f  t h i s  e f f e c t )
s i n 2 Q/2 
(1 + s i n  6 / 2 ) 2
M
»  .25 Z, —  
1 y [6 . 1]
Here 6 i s  the  ang le  o f  d e f l e c t i o n ,  Z x i s  th e  p r o j e c t i l e  ch a rg e ,  M t h e  mass 
o f  th e  e l e c t r o n ,  v e the  v e l o c i t y  o f  the  e l e c t r o n  in  the  Bohr o r b i t ,  y i s  the  reJLte* 
mass and v^ i s  th e  p r o j e c t i l e  v e l o c i t y .  Equat ion  6 .1  a r i s e s  from the  f a c t  
t h a t  the  i n t e r f e r e n c e  e f f e c t  i s  v a l i d  i f  t h e  time r e q u i r e d  to  change the 
v e l o c i t y  o f  t h e  r e l a t i v e  mot ion  by a q u a n t i t y  equal  to  v g i s  much s m a l l e r  
than th e  c h a r a c t e r i s t i c  t ime  o f  th e  motion o f  th e  e l e c t r o n ,  h/E, (E, the  
b ind ing  energy o f  t h e  e l e c t r o n )  [Che 78].  For th e  M s h e l l  o f  thor ium the  
r . h . s .  o f  e q u a t io n  6.1 i s  equa l  t o  about  .003 f o r  2 MeV p ro to n s  and .005 
f o r  oxygen ions  on th o r ium .  I f  one assumes t h a t  the  i n e q u a l i t y  i s  s a t i s f i e d  
when the  l . h . s .  i s  tw ice  th e  r . h . s .  the n  t h i s  occurs  a t  an angle  d e f l e c t i o n  
o f  about  10° and 4° ( i . e .  impact  pa ram ete rs  o f  .37 and .25 pm) f o r  p ro tons  
and oxygen ions  r e s p e c t i v e l y .  On the  o t h e r  hand the  r . h . s .  i s  equal  to .034 
and .02 ,  f o r  p ro to n s  and oxygen io ns  r e s p e c t i v e l y ,  i f  we co n s id e r  L e l e c t r o n s .
This co r responds  to  a ng le s  o f  d e f l e c t i o n  o f  about  26° and 19° ( impact  p a r a ­
m e te rs  o f  .14 and .05 pm) r e s p e c t i v e l y .
I t  i s  e v i d e n t  t h a t  the  M -she l l  r e s u l t s  a re  w i th i n  th e  r e g io n  of  
v a l i d i t y  o f  t h e  i n t e r f e r e n c e  e f f e c t ,  whereas the  L - s h e l l  r e s u l t s  a re  no t .
I t  was shown in  s e c t i o n  2 . 7 .3  t h a t  t h i s  e f f e c t  leads  to  an a n g u la r  dependence 
o f  t h e  kind [And 76]:
P (0) = A(1 + Bcos0) . [6 .2]
F igure  6.4 shows th e  M x - r a y  d a t a  f o r  l a r g e  ang les  o f  d e f l e c t i o n  f o r  p ro tons  
and oxygen io n s .  Shown a l s o  a re  th e  f i t s  o b ta in e d  u s ing  eq u a t io n  6 .2 .  The 
f i t t e d  va lues  f o r  A and B a re  g iven  i n  Table 6 .1 .  The va lu e  f o r  B does no t
D A T A  T H E O R Y
A N G L E  OF D E F L E C T I O N  ( d e g r e e s )
F igure  6 .4  Small impact pa ram ete r  r e s u l t s  f o r  Th M x - r a y  r a d i a t i v e  emiss ion  
p r o b a b i l i t y  produced by p ro to n s  ( s o l i d  c i r c l e s )  and 160 io ns  (open c i r c l e s ) .  
F i t s  o b ta in ed  us ing  e q u a t io n  6 .2  in  t e x t  a re  shown as s o l i d  and broken l i n e s  
r e s p e c t i v e l y .  The oxygen d a t a  and p r e d i c t i o n s  have been s c a l e d  down by a 
f a c t o r  o f  100.
TABLE 6.1 F i t t e d  v a lu e s  o b ta in e d  f o r  A and B of eq u a t io n  6 .2  in t e x t .
P R O J E C T I L E
F I T T E D  P A R A M E T E R
A B
P R O T O N S 2 0 x 1  O ' 2 - 0  9 8
0 + 6 2  4 -  0  9  8
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appear to scale with projectile charge, and its value is close to that 
obtained by Andersen et al. [And 76]. A increases by a factor of about 
120 on going from protons to oxygen ions, the (Z1/^y)2 scaling term given by 
Andersen et al. [And 76 equation 21] only provides an increase by a factor 
of about 30. However a detailed computation for the present experiment 
has not been done.
We conclude that the SCA better predicts the L-shell data both in
magnitude and structure. The discrepancy observed for the L and L
l a
results could be explained by a factor of two discrepancy in the calcul­
ations of the ratio of L to L radiative emission rates by Scofield [Scol a
69] .
SCA predictions for the M-shell data at large impact parameters 
arc also of the right order of magnitude and shape. The rapid increase 
observed at small impact parameters is not predicted by the SCA, but the 
interference term derived by Andersen et al. [And 76] can be used to obtain 
a good fit to the data.
6.3 NEAR-SYMMETRIC COLLISION RESULTS
The results discussed in the previous section showed that a rapid
increase in the M x-ray radiative emission probability took place at small '
impact parameters. No such increase was seen for the L x-rays. A different
method of investigating the relative rate of L- and M-shell ionization is
to study the K to K x-ray ratio. Since the K ;x-ray results from the p a  a
filling of a K-shell vacancy from the L shell and the K x-ray by the filling
ß
of a K vacancy from the M shell, then in a simple picture the K to K ratioß a
would depend upon the relative number of vacancies in the M and L shell
[combined, of course, with the number of K vacancies).
Figures 6.5 and 6.6 show how the target and projectile K /K ratiosß a
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vary as a function of the impact parameter and the target material. The 
results all showed signs of an increase for impact parameters less than 
.2 pm. This is not what would be expected had the number of M vacancies 
increased rapidly at small impact parameters as they did in the Th M x-ray 
experiment. In that case a decrease would be expected. At larger impact 
parameters the ratios appeared to be fairly constant.
It is possible that this picture is a somewhat too simple one. In 
the near-synmetric collision the vacancy production mechanism is a different 
one from the case of protons on thorium.
The rise in the target K /K ratio implies that the ratio of a
3 ot
number of M electrons (Me) to L electrons (Lc) is increasing, or equival­
ently that the ratio of the number of M-shell vacancies (M ) to L-shell 
vacancies (L ) is decreasing. It is known that the MO model predicts the 
transfer of initial L-shell vacancies to the K-shell. It is likely that 
M-shcll vacancies arc transferred to the L shell in the same manner.
During the course of the collision a vacancy can be transferred 
from the 2p-n to the 2po orbital via a rotational coupling of the orbitals.
As the collision partners then draw apart radial coupling between the 2pa 
and the Iso orbitals gives rise to a sharing of vacancies between the two, 
separated atom, Is states. An expression for the sharing ratio has been given by 
Meyerhof ct al. [Mey 77]. Neutral-atom fluorescence yields [Bam 72] were 
used to convert vacancy sharing ratios to x-ray sharing ratios. These are 
compared in Table 6.2 to the weighted average of the experimental x-ray 
sharing ratios. As can be seen from the table the agreement between theory 
and experiment is good for the Ge, Se and Fe targets. The Cr target data 
have not been included in the table since difficulty was experienced in 
interpreting the data due to the large thickness of the carbon backing 
(16.8 yg cm~z) and the small thickness of Cr (3.4 yg cm 2) on the target.
8 6 .
TABLE 6 .2  Observed t a r g e t  t o  p r o j e c t i l e  x - r a y  sha r ing  r a t i o s .
T A R G E T
T A R G E T /  P R O J E C T I L E
X - R A Y  R A T I O
E X P E R I M E N T T H E O R Y
G e
0  3  9  
( ± - 0 1  )
0  4 1
S e
0  2 1
( ♦ • 0 0 5 )
0 - 2 1
F e
2  3 6  
( ±  1 )
2  3 1
The ex p e r im en ta l  r a t i o  o f  t a r g e t  to  p r o j e c t i l e  x - r a y s  f o r  the  Cr 
t a r g e t  was o f  th e  o rd e r  o f  h a l f  th e  t h e o r e t i c a l  p r e d i c t i o n .  One p o s s i b l e  
e x p l a n a t i o n  f o r  t h i s  i s  the  e x c i t a t i o n  o f  the  p r o j e c t i l e  by th e  carbon 
backing p r i o r  to  i t  being  s c a t t e r e d  by the chromium. This p r o c e s s ,  o f  
c o u r s e ,  can ta k e  p l a c e  f o r  a l l  t a r g e t s ,  however i t  was on ly  in  t h e  case o f  
th e  Cr t a r g e t s ,  where the  carbon back ing  was so much t h i c k e r  than  the  t a r g e t  
m a t e r i a l ,  t h a t  i t  became s i g n i f i c a n t * .
F igure  6 .7  shows the  e x p e r im en ta l  r e s u l t s  f o r  t h e  v a r i a t i o n  o f  the  
x - ra y  sh a r in g  r a t i o  as a f u n c t i o n  o f  the  impact  pa ram e te r .  The r e s u l t s  f o r  
each t a r g e t  a r c  normal ized  to  u n i t y .  As can be seen i n  th e  f i g u r e  t h e r e  i s
* Subsequent  exper im en ts ,  n o t  in c lu d e d  in  t h i s  t h e s i s ,  w i th  t h i c k e r  Cr 
t a r g e t s  have given x - r a y  s h a r in g  r a t i o s  in  agreement w i th  p r e d i c t i o n s  
o b ta in e d  by u s in g  th e  Meyerhof formula  [Mey 77] .
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Figure 6.7 Variation of target to projectile x-ray sharing ratio with 
impact parameters for 100 MeV Cu on Cr, Se and Gc. The results for each 
target have been normalized to unity.
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no a p p r e c i a b l e  v a r i a t i o n  in  the  sh a r in g  r a t i o  over  the  range  of  impact 
p a ram e te r s  s tu d i e d .  This  ag rees  with  r e s u l t s  o f  p re v io u s  expe r im en te r s  
[Tse 78, Sch 77] ,  who found t h a t  over  the  range  o f  impact  p a ram ete rs  .2 to  
1 p ic om e t re  t h e r e  was very  l i t t l e  v a r i a t i o n  i n  th e  vacancy s h a r in g  r a t i o .  
Th is  became p a r t i c u l a r l y  e v i d e n t  th e  more symmetric th e  c o l l i s i o n  was.
Shown in  f i g u r e s  6 .8 ( a )  and (b) a re  th e  r a d i a t i v e  em iss ion  p ro b ab ­
i l i t i e s  o f  t h e  t a r g e t  and p r o j e c t i l e  r e s p e c t i v e l y  as a f u n c t i o n  o f  impact 
pa ra m e te r .  Also shown i n  f i g u r e  6 .8  a re  t h e  m o l e c u l a r - o r b i t a l  p r e d i c t i o n s
I M P A C T  P A R A M E T E R  ( p m )
Figure  6.8 Impact p a ram e te r  dependence o f  r a d i a t j v c  emiss ion  p r o b a b i l i t y  (P ) 
f o r  (a)  t a r g e t  x - r a y s  and (b) p r o j e c t i l e  x - r a y s .  C ro s s e s ,  100 MeV Cu on Ge ^ 
t a r g e t ;  open c i r c l e s ,  100 MeV cu on Se; MO p r e d i c t i o n s  a r e  shown as 
broken and s o l i d  l i n e s  r e s p e c t i v e l y .
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obtained using the tables of Taulbcrg et al. [Tau 76] (see section 2.8.1). 
These tables give the total K-shell excitation probability. The vacancy 
sharing ratio and the neutral atom fluorescence yield are then used to 
arrive at the radiative emission probability. Molecular-orbital predictions 
for the Cu-Se and Cu-Ge collision systems are drawn as solid and dashed 
lines respectively. Statistical-model predictions (see section 2.8.2) arc 
not shown since, by the choice of the appropriate interaction radius and 
diffusion constant, they are of the same magnitude as the predictions by 
the molecular-orbital model [Job 79]. The predictions of the statistical 
model have none of the structure seen in the molecular-orbital predictions, 
however the small number of experimental points makes it difficult to 
determine if there is any structure in the experimental results.
The molecular-orbital predictions shown in figure 6.8 are given as 
the radiative emission probability per initial Cu 2 p vacancy. It is of 
interest to interpret the discrepancy between the theory and experiment 
shown in figure 6.8 as being due to a variation in the number of initial Cu 
2 p vacancies. Figure 6.9 shows the variation in the ratio of experiment to 
theory with impact parameter. The ratio for target x-rays is shown in 
figure 6.9(a) and that for the projectile x-rays in figure 6.9(b). The 
target element is indicated by a cross (x) for Ge and a circle (o) for Se.
Both the ratio for target x-rays and the ratio for projectile x-rays 
display a similar variation with impact parameter. They increase, as the 
impact parameter decreases, from a ratio of about .5 at 1 pm to a ratio 
of about 2 at .1 pm. It has been shown that preliminary long-range couplings 
may introduce vacancies into the 2 p orbital in such a way that even systems 
which have no initial L vacancies develop them as the collision proceeds 
[Ann 79]. An increase of this kind in the number of L-shell vacancies would 
explain, as previously discussed, the increase in the K^/K^ ratios at small
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Figure  6 .9  V a r i a t i o n  in  the  r a t i o  o f  expe r im en ta l  to t h e o r e t i c a l  r a d i a t i v e  
em iss ion  p r o b a b i l i t y  w i th  impact  p a r a m e te r ,  f o r  (a) t a r g e t  x - r a y s  and (b) 
p r o j e c t i l e  x - r a y s .
impact  pa ra m e te r s .
The e f f e c t  o f  t h e  i n c i d e n t  p r o j e c t i l e  charge  s t a t e  on the  r a d i a t i v e  
em iss ion  p r o b a b i l i t y  was a l so  i n v e s t i g a t e d .  Oxygen ions  o f  d i f f e r e n t  charge  
s t a t e s  were used  to  bombard t h e  t a r g e t  a t  s e v e r a l  impact p a r a m e te r s .  The 
v a r i a t i o n  i n  t h e  charge  s t a t e  from +6 to  +7 or  + 5 had n e g l i g i b l e  e f f e c t  
upon the  exper im en ta l  r e s u l t s .
I t  shou ld  be no ted  t h a t  f o r  the  exper iment d e s c r ib e d  above th e  
t a r g e t  was o r i e n t e d  such t h a t  the  carbon back ing was ups tream from the
target material. Thus the variation in incident charge state had no effect 
on the magnitude of the radiative emission probability, since > 85% of the 
projectiles reached charge equilibrium in the carbon backing before entering 
the target material. Had the target been oriented the opposite way a 
variation in the absolute magnitude might be expected, however the orient­
ation of the target should not influence the impact parameter dependence 
of the radiative emission probability [Hag 79, Ann 79].
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CHAPTER 7 
. CONCLUSIONS
7.1 EXPERIMENTS USING PROTON AND OXYGEN PROJECTILES
Pro tons  and oxygen ions  were used t o  c r e a t e  L- and M -sh e l l  v aca n c ie s  
in  a t h i n  thor ium t a r g e t .  L and M x - r a y s ,  s u b se q u e n t ly  e m i t t e d  when th e s e  
v a c a n c ie s  were f i l l e d ,  were d e t e c t e d  in  c o i n c id e n c e  with  s c a t t e r e d  p r o j e c t ­
i l e s .  This  enabled  th e  d e t e r m i n a t i o n  o f  t h e  r a d i a t i v e  em iss ion  p r o b a b i l i t y  
as a f u n c t i o n  o f  th e  p r o j e c t i l e s '  c l a s s i c a l  impact  p a ram e te r .  S e p a r a t e  
L x - r a y s ( L  , L^, L and L^) and t o t a l  M x - r a y s  were d e t e c t e d .
SCA p r e d i c t i o n s  agreed  well  with  the  L x - r a y  d a t a ,  with on ly  two 
e x c e p t i o n s ,  namely t h a t  th e  SCA p r e d i c t i o n s  f o r  th e  L and L^ r a d i a t i v e  
em iss ion  p r o b a b i l i t i e s  were 20% to o  h igh and 40% too  low r e s p e c t i v e l y .
S ince  bo th  t h e s e  x - r a y s  a r i s e  from the  f i l l i n g  o f  a s u b s h e l l  vacancy
the  d i s c r e p a n c i e s  must be due t o  d e v i a t i o n s  in  the  c a l c u l a t e d  r a d i a t i v e  
decay r a t e s ,  r a t h e r  than to  the  SCA mechanism i t s e l f .  The weighted  
average  o b t a in e d  e x p e r i m e n t a l l y  f o r  the  r a t i o  o f  L to L^ r a d i a t i v e  
em iss ion  p r o b a b i l i t i e s  was 7 . 8 ± . 7 K This  compares with  a c a l c u l a t e d  r a t i o  
o f  16.07 [Sco 69] .
BEA p r e d i c t i o n s  f o r  t h e  L x - r a y  r a d i a t i v e  em iss ion  p r o b a b i l i t i e s  
d i f f e r ,  bo th  in  magni tude and r e l a t i v e  v a l u e ,  from th e  ex p e r im en ta l  r e s u l t s  
The a p p a re n t  s u p e r i o r i t y  of  the  SCA over  th e  BEA i s  not  s u r p r i s i n g  c o n s id e r  
ing  the  a r t i f i c i a l l y  c l a s s i c a l  n a t u r e  o f  the  BEA method [Mey 77].
The SCA, a g a i n ,  was most  s u c c e s s f u l  in  p r e d i c t i n g  th e  M x - r a y  
r e s u l t s  f o r  p ro to n s .  However n e i t h e r  the SCA nor  the  BEA p r e d i c t e d  the  
sharp  r i s e  (by about a f a c t o r  o f  t h r e e )  observed  i n  the  M x - r a y  r a d i a t i v e  
em iss ion  p r o b a b i l i t y  below about  .4 pm. SCA p r e d i c t i o n s  f o r  60 McV oxygen
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ions  on thor ium,  a l s o  ag reed  well  w ith  th e  ex p e r im en ta l  M x - r a y  r e s u l t s  
a p a r t  from an anomalous r i s e ,  s i m i l a r  to  the  one seen i n  t h e  p r o to n  d a t a ,  
a t  smal l  impact  p a r a m e te r s .  The d a t a  can be f i t t e d  by an e x p r e s s io n  
d e r iv e d  from a model which ex a g g e ra te s  th e  n o n - l i n e a r  n a t u r e  o f  th e  
p a r t i c l e ' s  t r a j e c t o r y  ( c f .  s e c t i o n  2 . 7 . 3 ) .  I t  i s  worth n o t in g  t h a t  the  
p r e d i c t i o n s  f o r  th e  r e g io n  o f  v a l i d i t y  o f  t h i s  e f f e c t  f o r  p ro to n s  and 
oxygen ions  ( .37  and .25 r e s p e c t i v e l y )  agreed  q u i t e  w el l  w i th  t h e  impact  
pa ram ete r  a t  which the  sharp  r i s e  was observed  ( .4  and .20 pm r e s p e c t i v e l y ) .
7.2 Cu EXPERIMENTS WITH NEAR-SYMMETRIC TARGETS
One hundred MeV Cu io ns  were used to  bombard t h i n  t a r g e t s  o f  Se,  Ge, 
Fe and Cr; both  t a r g e t  and p r o j e c t i l e  K x - r a y s  were d e t e c t e d  i n  c o i n c id e n c e  
with  s c a t t e r e d  p a r t i c l e s .  The aim o f  t h i s  exper iment was to  ex tend  m e asu re ­
ments to  s m a l l e r  impact  p a ram e te r s  where the  MO p r e d i c t s  a sha rp  r i s e  i n  th e  
K x - r a y  r a d i a t i v e  em is s ion  p r o b a b i l i t y  [Tau 76].
The r e s u l t s  o b t a in e d  showed no s ign  o f  t h i s  sharp  r i s e ,  however s i n c e  
th e  a b s o l u t e  s c a l e  o f  t h e  p r e d i c t i o n s  depends upon th e  (unknown) number o f  
2 p vaca n c ie s  brought i n t o  the  c o l l i s i o n ,  no a b s o l u t e  va lu e  fo r  t h e  p r o b a b ­
i l i t y  could be c a l c u l a t e d .  By a s tu d y  o f  th e  r a t i o  o f  th e  t h e o r e t i c a l  
p r e d i c t i o n s  to  th e  observed  v a lu e s  the  d i s c r e p a n c y  between t h e s e  two v a lu e s  
could be i n t e r p r e t e d  i n  terms o f  the  number o f  i n i t i a l  2 p v a c a n c i e s .  In 
t h i s  case  both the  t a r g e t  and p r o j e c t i l e  x - r a y  d a ta  i n d i c a t e  t h a t  the  
i n i t i a l  number o f  2 p v a c a n c ie s  i n c r e a s e s  from about  .5 up t o  about  2 as 
the  impact  pa ram e te r  d e c re a se s  from 1 pm t o  .25 pm.
Both t h e  t a r g e t  and p r o j e c t i l e  K /K r a t i o  showed s igns  o f  an
p ot
i n c r e a s e  a t  small  impact  p a r a m e t e r s . S ince  and x - r a y s  a r e  e m i t t e d  
when K va c a n c ie s  a re  f i l l e d  by t r a n s i t i o n s  from th e  L and M s h e l l  r e s p e c t ­
i v e l y ,  t h i s  i n c r e a s e  in  th e  r a t i o  may i n d i c a t e  an i n c r e a s e  in t h e  r e l a t i v e
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number of L + K vacancies as compared to M + K vacancies. This would 
agree with the conclusions arrived at in the preceding paragraph.
Target to projectilc x-ray sharing ratios for the Fe, Se and Ge targets 
showed little variation with impact parameter and agreed well with the 
predictions obtained using the vacancy sharing formula of Meyerhof et al.
[Mey 77]. The lack of variation with impact parameter is not surprising 
since the smallest angle of scatter studied is .8°, corresponding to an 
impact parameter of about .9 pm, which is well inside the Cu K-shell 
radius of 1.8 pm. Conversely the 2pa-lso vacancy sharing process takes 
place well outside the Cu K-shell radius [Mey 77].
7.3 EXPERIMENTAL LIMITATIONS AND FUTURE EXPERIMENTS
Finally some of the limitations of the present series of experiments 
should be pointed out. With the heavier ions the high rate of radiation 
damage to the particle detector limited the number of experimental points 
which could be measured before the detector needed to be changed. This 
problem was particularly severe at the smallest detection angles where the 
particle count rate is highest. To overcome this problem a gas counter 
could be used. A further improvement would be achieved with a position 
sensitive gas counter, such as described by Gaukler et al. [Gau 77]. This 
would enable the simultaneous collection of data at multiple impact para­
meters .
Future experiments should study the M x-ray radiative emission probab­
ility of other elements to investigate the systcmatics of the interference 
effect observed for thorium. Also of interest would be experiments designed 
to test whether the interference effect used to explain the anomaly observed 
in the M x-ray data also had application to the L shell. A possible experi­
ment of this kind would be 2 MeV protons on thorium at angles of scatter 
greater than 26°.
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S tu d ie s  o f  K vaca nc ie s  produced i n  nea r - sym m etr ic  c o l l i s i o n s  r e q u i r e  
e x t e n s i o n  to sm a l l e r  ang les  o f  s c a t t e r .  For impact  p a ram e te r s  > the  Cu K- 
s h e l l  r a d i u s  O  1.8 pm) th e  vacancy s h a r in g  r a t i o  should  beg in  t o  show some 
v a r i a t i o n  wi th  impact  pa ram e te r .  I t  i s  a l s o  a t  th e s e  l a r g e r  impact  p a r a ­
me te rs  t h a t  the  MO model p r e d i c t s  some c h a r a c t e r i s t i c  s t r u c t u r e  [Joh 79].  
Also th e  measurements shou ld  be ex tended to  l a r g e r  ang les  o f  s c a t t e r .  For 
the  p r e s e n t  s e r i e s  o f  exper im en ts  g e o m e t r i c a l  c o n s i d e r a t i o n s  p r e v e n t e d  
impact  pa ram ete rs  below about  .12 pm from being  i n v e s t i g a t e d ,  whereas i t  
i s  f o r  impact  p a ram e te r s  below about  .1 pm t h a t  the  MO p r e d i c t i o n s  r i s e  
r a p i d l y  (as p r e v i o u s l y  d i s c u s s e d ) .
In summary, r e s u l t s  o b t a in e d  f o r  nea r - sym m etr i c  ion-atom c o l l i s i o n s  
dem ons t ra ted  t h e  p r a c t i c a b i l i t y  o f  such work and i t  should  be r e l a t i v e l y  
s t r a i g h t f o r w a r d  to ex tend the  d a t a  to  r e g io n s  where a c l e a r  d i s t i n c t i o n  
between the  d i f f e r e n t  models may be made.
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